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Intense red colours in birds are often owing to ketocarotenoids
(KCs). In many land birds, KCs are oxidized from dietary
yellow precursors, presumably by the avian carotenoid ketolase
CYP2J19, the regulation and constraints of which have
important implications for condition-dependence and honest
signalling of carotenoid colour displays. We investigated hepatic
CYP2]19 gene expression in the seasonally and sexually
dichromatic southern red bishop (Euplectes orix) in relation to
season, sex, progression of the prenuptial moult, testis size,
body condition, redness and circulating sex steroids. A
coloration function of CYP2J19 is supported by a seasonal
upregulation prior to and during the carotenoid-depositing
stage of the male prenuptial moult. However, CYP2J19
expression was similarly high in females (which do not moult
prenuptially), and remained high in males after moult,
suggesting additional or alternative roles of hepatic CYP2J19 or
its products, such as detoxification or antioxidant functions.
In males, the CYP2J19 upregulation preceded and was
unrelated to the rise in plasma testosterone, but was
correlated with androstenedione, probably of adrenal origin and
compatible with luteinizing hormone-induced and (in females)
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oestrogen-suppressed moult. Finally, contrary to ideas that carotenoid ketolation rate mediates
honest signalling of male quality, CYP2]J19 expression was not related to plumage redness or male
body condition.

1. Introduction

The view of conspicuous yellow and red carotenoid-based colours as condition-dependent and honest
signals is a pervasive and popular topic of study in behavioural ecology. Because carotenoids have
essential physiological functions in animals (e.g. as antioxidants and vitamin A precursors) and must
be obtained through the diet, there are several potential limitations and allocation conflicts that could
mediate signal honesty (reviewed by [1]). However, after three decades and hundreds of studies,
predominately in birds [2,3], the empirical support for carotenoid-based honest signalling is thin,
inconsistent and debated (e.g. [4-8]).

In recent years, the classic ‘resource allocation” models of avian carotenoid honesty have given way to
an emphasis on the metabolism of carotenoids [7,9], in particular the ability of several species to produce
red ketocarotenoids (KCs) by C4-oxygenation (ketolation) of the yellow carotenoids that are common in
avian diets [10-13]. There are several potential mechanisms by which the rate or efficiency of ketolation
might link coloration to some phenotypic or genetic quality; for example, if the ketolation is energetically
demanding, entails oxidative stress or is linked to ‘vital cellular processes’ [14], such as vitamin A
homeostasis [9], detoxification ability [15] or cellular respiration [16]. In the intriguing ‘shared-
pathway hypothesis’ (SPH), Johnson & Hill [17] proposed that carotenoid ketolation occurs in the
mitochondria and is so strongly linked to the electron transport chain that KC redness becomes an
uncheatable ‘index signal’ (sensu [18]) of respiratory quality.

While these ideas have received some indirect support [19-22], the central assumption that
carotenoid ketolation (rather than access, uptake, or transport) is the main limitation on redness has
not been possible to directly explore until the recent identification of the gene CYP2j19 [15,23], which
putatively codes for the avian carotenoid ketolase. From a conserved role in the avian retina for oil
droplet pigmentation, CYP2J19 appears to have been co-opted for integumentary pigmentation in
many lineages [24]. CYP2]19 has been further implicated for plumage coloration in several weaverbird
(Ploceidae) species [25], and recently also in the red-backed fairy wren (Malurus melanocephalus) [26]
and red-fronted tinkerbird (Pogoniulus pusillus) [27].

CYP2]J19 belongs to the diverse family of cytochrome P450 enzymes (CYP’s hereafter) involved in
endobiotic metabolism and oxidation of xenobiotics, in this case, the carotenoids. CYP2]19 regulation
and activity may thus provide a useful handle on the genetic and physiological control of red
carotenoid coloration, and on the idea that CYP2J19 activity (or ‘catalytic rate’) is a major determinant
of KC-based colour signal variation (redness). Since CYP’s are primarily transcriptionally regulated
[28-30] (yet post-transcriptional and post-translational regulation has been described especially for
endobiotic networks such as steroid metabolism [30]), CYP2J19 gene expression should be an
important predictor of interspecific [25] and intraspecific variation in plumage redness.

Here, for the first time (to our knowledge), we explore natural intraspecific variation in CYP2J19
activity, by analysing hepatic (liver) CYP2J19 expression before and during development of the
sexually and seasonally dichromatic red plumage of southern red bishops (Euplectes orix). Whereas
female plumage is brown year-round and indistinguishable from that of non-breeding males breeding
males sport one of the most spectacular carotenoid-based avian colour displays (figure 1c,e). The red
coloration is well researched with respect to colour production mechanisms, social and sexual
selection, and directional evolution from yellow ancestors [31-39]. The male breeding plumage
(figure 1) is produced before the breeding season in a prenuptial moult, during which the emerging
feather tips co-deposit KCs (e.g. o-doradexanthin and astaxanthin) along with their dietary precursors
(lutein and zeaxanthin) [13,40]. In the comparative study of 16 Ploceids in breeding plumage that
established the association between hepatic CYP2J19 and KC-coloration [25], the red bishop had the
second highest CYP2]19 expression.

We examined the following issues with regard to seasonal, sexual and individual variation in hepatic
CYP2]19 expression: (i) functional confirmation, (ii) regulatory mechanisms, and (iii) role in honest
signalling. We tested the assumption that integumentary coloration is the main function of hepatic
CYP2]19, predicting male-biased expression timed with onset of the prenuptial moult, in particular,
the initial moult stage during which carotenoids are deposited into emerging feathers (figure 1). We
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Figure 1. Prenuptial moult stages in male southern red bishops: CARD, before or during carotenoid deposition in feathers;
PostCARD, after completed carotenoid deposition (see methods for detailed criteria). (@) CARD male in pre-breeding plumage
just prior to moult start, still indistinguishable from female and non-breeding male plumage. (b) CARD male with ongoing
carotenoid deposition in emerging collar feathers. (c) A fully nuptial PostCARD male. (d) Growing rump feathers, some with
ongoing (pins or just emerged vane) and some with completed carotenoid deposition. (e) Fully nuptial plumage on a
PostCARD male, with fully grown rump and collar feathers in the inset picture (f).

then explored potential regulatory mechanisms for CYP2]19 expression, focusing on associations with
reproductive readiness (i.e. testis size) and steroid hormones. The understanding of genetic versus
hormonal control of carotenoid coloration lags behind that of melanin coloration [41-43], and is
interesting with regard to the endocrine control of secondary sex traits and testosterone (T) mediated
honest signalling [42,44]. Pioneering work on captive southern red bishops and other Euplectes species
[45], although largely focused on luteinizing hormone (LH) dependence of melanin pigmentation,
indicated stimulatory androgenic effects on carotenoid coloration. A relationship between T and
carotenoid pigmentation has been confirmed for other species in recent years [43,46,47], and may be
exerted in part via T-mediated CYP2]19 expression [26].

Finally, we examined the potential role played by CYP2J19 in honest signalling, using a reflectance-
based metric of hue (‘redness’ hereafter), as the most reliable measure of feather carotenoid content [48].
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As predicted by classic handicap (costly) signalling [44,49-52], as well as the index (cost-free) signalling
[18] proposed by the SPH (see above), CYP2]19 activity (ketolation rate) should be a limiting factor for
KC-pigmentation, resulting in a positive correlation between redness and CYP2J19 expression.
Furthermore, from the postulated dependence of carotenoid ketolation on cellular respiration and
mitochondrial function, we also predicted positive covariation between CYP2J19 expression and a
common measure of body condition in birds (relative body mass).

2. Material and methods

2.1. Study species, field methods and sample collection

Adult southern red bishops were captured in 2013, 2016 and 2017 (n=68) by morning mistnetting at
communal night roosts and (subsequently) breeding sites in Kwazulu-Natal, South Africa. Netting
occurred primarily in the Pietermaritzburg area (29°35" S, 30°26” E), but our sample size includes
eight birds from Newcastle (27°44’S, 29°59" E). Most of the birds (57 males, six females) were caught
and sampled at the start of the breeding (rainy) season, more precisely to span the male prenuptial
moult period from ca mid-October to late November [53], but five birds (four males, one female) were
caught in the non-breeding (dry) season (May—June). The growth, if any, of carotenoid-pigmented
plumage was carefully inspected, and males were assigned to either of two prenuptial moult stages:
(i) CARD males (n=30) either without visible signs of moult (figure 1a) or with ongoing carotenoid
deposition (figure 1b,¢), the latter defined by having at least some entirely or proximally red feather
‘buds’ (less than 3 mm), ‘pins’ (greater than 3 mm but vane not emerging) or ‘vanes’ (vane protruding
max 5mm); and (ii) PostCARD males (1n=27; figure 1lc,e) in partial or complete nuptial plumage,
in which all red feathers had grown past the initial carotenoid-depositing stage, i.e. no longer red at
the base.

Standard morphometrics included body mass (+0.1 g) and tarsus length (+0.1 mm), from which a
body condition measure was derived as the standardized residuals from a linear regression of In(body
mass) on 3*In(tarsus length) [54]. Blood was drawn from the neck vein and exactly 100 pl was added
to 1 ml acetone and stored at —20°C until further analysis. Liver (right lobe) samples were collected
from freshly euthanized birds (via rapid decapitation), placed in DNA/RNA-shield (Zymo), incubated
for 12 h at room temperature and then stored at —80°C until laboratory analyses. Left testicle length
was used as a measurement for testis development (recrudescence) and an indicator of reproductive
readiness (1 =23 CARD males, n =27 PostCARD males with testis length measurements).

*sosi/Jeunof/610Guiysgnd/aposjedos
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2.2. Reflectance spectrometry and colour metrics

If the male red breast patch was sufficiently developed (figure 1c; n =26), its spectral reflectance was
measured using equipment and methods previously described [34,48] and detailed in the electronic
supplementary material. Following Andersson & Prager [48] and averaged from three replicate scans
per bird, ‘redness” was computed as the objective hue metric Ags (the wavelength at which reflectance
is halfway between its minimum and its maximum). For saturated pigmentary colours, hue (or
‘spectral location” sensu [55]), is the only psychophysical colour metric consistently correlated with
pigment concentration [48], and Ags is therefore the only colour measure analysed here. For further
details and arguments, see Andersson [56] and Andersson & Prager [48].

2.3. Quantification of (YP2J79 gene expression

Livers were homogenized using TissueLyser II (Qiagen), total RNA was extracted from homogenates
using an RNeasy Plus Mini Kit (Qiagen) and DNase digestion was performed using an RNase-free
DNase set (Qiagen). First-strand synthesis was performed with 10l RNA (100 ng pl™') using
an iScript cDNA Synthesis Kit (Bio-Rad), according to the manufacturer’s instructions. Reactions were
run in a MyCycler thermal cycler (Bio-Rad) under the following conditions: 5 min at 25°C, 30 min at
42°C and 5min at 85°C. All complementary DNA (cDNA) samples were diluted to a final
concentration of 25 ng pl™".

Reverse transcription-quantitative polymerase chain reation (RT-qPCR) was performed in a CFX
connect real-time PCR detection system (Bio-Rad) using 5pul SsoAdvanced Universal SYBR Green
Supermix, 0.5 pl of each primer (8 pM), and 4 pl cDNA (25 ng ul™!). Three control genes (B-actin,



GAPDH and HPRT1) were run in separate plates. All primers were used in previous RT-qPCR work [ 5 |
[15,25] and were purchased from Eurofins. Each sample, as well as positive and negative controls,
were run in triplicate for each condition. Conditions for RT-qPCR were as follows: 3 min at 95°C,
followed by 40 cycles of 10s at 95°C and 30s at 61°C (59°C for GAPDH) and a final melt curve.
Normalization followed Pfaffl [57] using the mean of the three control genes.

2.4. Quantification of steroid hormones

In blood samples from 14 randomly selected CARD males and six PostCARD males, steroid titres of T,
androstenedione (A4), dihydrotestosterone (DHT), oestrone (E1) and oestradiol (E2), were quantified
using the gas chromatography-tandem mass spectrometry (GC-MS/MS) method of Ankarberg-
Lindgren et al. [58]. Further details can be found in the electronic supplementary material. The
remaining 46 samples were retained for future analyses of carotenoid content.

*sosi/Jeunof/610Guiysgnd/aposjedos

2.5. Statistical analyses

In order to determine the effect of seasonality (non-breeding versus breeding) on CYP2J19 expression
levels, we used a one-way ANOVA on the complete dataset. To test whether CYP2]19 is differentially
expressed in males and females, we used a one-way ANOVA on a dataset restricted to the breeding
season. We then evaluated whether, during the breeding season, CYP2]19 expression follows similar
patterns as regards date and body condition in males and females, using a linear model with
normalized CYP2J19 expression (square root transformed) as a response variable and Julian date,
body condition and their two-way interactions with sex as model predictors. To explore how CYP2]19
expression is influenced by internal and external variables in males during the breeding season, we
used a linear model, including normalized CYP2]19 expression (square root) as a response variable
and body condition, testis size and their two-way interactions with carotenoid deposition stage, as
well as Julian date as covariates. To evaluate whether the hue of red breast feathers of full nuptial
plumed males was predicted by CYP2J19 expression, we used a linear model with hue as a response
variable and normalized CYP2]J19 expression, body condition and Julian date as predictors. Finally,
given the smaller sample sizes, we used Spearman rank correlations (rather than linear models) to
determine the relationship between hormone levels, normalized CYP2]J19 expression and testis size.
These initially included all males and were additionally conducted separately for CARD and
PostCARD males when the first correlation was statistically significant. All tests were performed using
R (v. 3.5.2 [59]). Covariates specified in interaction terms were scaled to allow interpretation of their
main effects [60]. In multi-factor models, we performed model simplification using the automated step
function (package stats) with backward and forward procedures to eliminate non-significant terms
from the maximal models. Diagnostic plots were used for model validation [61].
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3. Results

3.1. Seasonal but not sexual differences in (YP2J19 expression

Compared with birds sampled in the non-breeding season (five males, one female), the birds caught in
the early breeding season (57 males, six females) had significantly higher CYP2]19 expression (ANOVA:
Fi66=22.74, p <0.001; figure 2a). CYP2]19 expression did not, however, differ between males and females
during this period (ANOVA: F, ¢; = 0.05, p = 0.819; figure 2b), and was not related to Julian date in either
males or females in subsequent models (electronic supplementary material, tables S1 and S2).

3.2. (YP2J19 expression and body condition

In a model assessing the relationship between CYP2J19 and body condition, there was a strong
interaction with sex (F;5,=10.30, p=0.002; electronic supplementary material, table S1) owing to a
negative trend in females (1 =6), and a positive relationship in males (17 =50). Although the bivariate
relationship in males was significant (Spearman r,=0.31, n=50, p=0.025), condition had no partial
effect in the subsequent model with other predictors, in particular testis size (see below and
the electronic supplementary material, table S2) with which body condition was strongly correlated
(Spearman r,=0.46, n =50, p <0.001).
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Figure 2. (YP2J19 expression in relation to (a) season, (b) sex (during the breeding season), and (c) reproductive development.
(a,b) Raw values are represented by circles (males) or triangles (females). Boxplots show median, first and third quantiles with

whiskers extending no further than 1.5 times the inter-quartile range. Horizontal jitter was added to improve visualization of

individual data points. (c) Raw values are represented by black (CARD) or white (PostCARD) circles. Lines represent the linear
model fit for CARD (solid line) and PostCARD (dashed line) males. Testis length was scaled within each prenuptial moult stage,
to allow comparison between categories (see the electronic supplementary material, figure ST for an unscaled version of the
plot). In all plots, normalized (YP2J79 expression values are square root transformed. ***p < 0.001.

3.3. Male CYP2J19 expression varies with testis size and moult stage

Examination of individual variation in CYP2]19 expression of males during the breeding season revealed
a significant interaction between testis size and carotenoid deposition stage: testis size positively
correlated with CYP2J19 during the CARD stage, but did not predict CYP2]19 in the PostCARD stage
(linear model: estimate=—0.20, s.e.=0.11, F;44=5.14, p=0.028; electronic supplementary material,
table S2, figure S1; figure 2c). This model also revealed an overall positive relationship between
CYP2]19 expression and testis size (linear model: estimate=0.21, s.e.=0.09, F;44=4.29, p=0.044;
electronic supplementary material, table S2) and a trend for higher expression levels in PostCARD
than CARD males (linear model: estimate=0.18, s.e.=0.12, F;44=3.30, p=0.076; electronic
supplementary material, table S2).

3.4. (YP2J19 expression is unrelated to plumage redness

Hepatic CYP2]19 expression did not predict the redness (hue) of the breast patch in PostCARD males
(linear model: estimate=2.11, s.e.=2.48, F;,,=5.31, p=0.4in the full model). The only significant
predictor of redness was a negative effect of Julian date (linear model: estimate=—-0.21, s.e.=0.09,
Fi53=6.06, p=0.022), but an almost significant negative effect of body condition (linear model:
estimate = —33.57, s.e. =17.08, F; 53=3.43, p=0.077) was also maintained in the final model.

3.5. (YP2J19 expression and steroid hormones

Relationships with steroid hormones were explored with Spearman correlations (electronic
supplementary material, tables S3 and S4). CYP2J19 expression was positively correlated with A4
levels (all males: n=20, ry=0.466, p=0.040; electronic supplementary material, table S3). This
relationship appears to be driven by the males undergoing carotenoid deposition into feathers
(CARD: n=14, rs=0.581, p=0.029; PostCARD: n=6, r,=-0.314, p=0.564; figure 3a; electronic
supplementary material, table S3). None of the other androgenic (T and DHT) or oestrogenic (E1 and
E2) hormones were correlated with CYP2]19 expression when all males were pooled (T: r,=0.287;
DHT: rs=0.313; E1: r=0.214; E2: r,=-0.192; all p>0.2; electronic supplementary material, table S3).
Although there was no overall correlation between A4 and T (all males: n =22, r,= 0.303, p=0.170), a
positive relationship between the two androgens was identified in PostCARD males (1 =15, r,=0.821,
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Figure 3. Relationship between androstenedione (A4) titre and (a) CYP2J79 expression and (b) testosterone (T) titre. Raw values are
represented by black (CARD) or white (PostCARD) circles. Lines represent least-squares regressions for CARD (solid line) and PostCARD
(dashed line) males. Normalized CYP2J19 expression is square root transformed.

p =0.034; figure 3b), but not in CARD males (n =7, rs=0.061, p = 0.832; figure 3b). Finally, T, DHT and E1,
but not A4 or E2, were positively associated with testis size (T: r4=0.678, p =0.003; DHT: r,=0.538, p =
0.026; E1: rs=0.553, p=0.021; A4: rs=0.248, p =0.338; E2: rs=0.143, p = 0.583; electronic supplementary
material, table S4). However, when assessed within CARD and PostCARD males separately, none of
these hormones significantly correlated with testis size (all p >0.2).

4. Discussion

We uncover, for the first time, to our knowledge, seasonal and sexual variation in hepatic expression of
the putative avian carotenoid ketolase gene CYP2]J19 and, in particular, individual variation during
development of an extreme KC-based colour signal. We found that CYP2]J19 expression was higher
during the breeding compared to the non-breeding season (at least in males, strictly speaking, since
only one female was sampled in the non-breeding season). Somewhat surprisingly given the
exclusively male KC pigmentation, CYP2]J19 expression was not higher in males than in females
during the breeding season and was unrelated to plumage redness (hue), contrary to the advocated
roles of CYP2J19 in condition-dependent and honest signalling. Regarding regulatory mechanisms, in
the carotenoid-depositing stage of the prenuptial moult, CYP2]19 expression correlated with testicular
growth, but was unrelated to plasma T. Instead, only A4 positively covaried with CYP2J19 expression.
In the light of these findings, we discuss CYP2]J19 with regard to function, regulation and potential
role in honest signalling.

4.1. Function of CYP2J19

Although CYP2J19 still awaits functional (i.e. experimental) confirmation, the higher hepatic expression
in red compared to yellow species [25], together with the upregulation prior to the male prenuptial
moult indicated in this study, strongly support a role of CYP2J19 behind the KC-pigmentation in
southern red bishops and other red species (except those with obvious dietary sources of KC-
pigments). However, the similar expression levels in females (which have neither carotenoid coloration
nor prenuptial moult), and the high expression in males after moult, suggest that hepatic CYP2J19
itself, or its products (KCs), have functions other than pigmentation. One possibility is that, in
response to the increased dietary carotenoid ingestion during the rainy season, the original and still
major role of CYP2J19 may be detoxification, by conversion of pro-oxidant xanthophylls such as
lutein [62] into less harmful and/or more excretable KCs.

Alternatively, or in addition, while the ‘classic’ antioxidant, pro-vitamin or immune-stimulating
functions of carotenoids (e.g. [1]) have been questioned or dismissed as regards dietary xanthophylls
[4,6,63,64], either of these functions may apply to some or all KCs, in particular during breeding
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which typically entails severe oxidative stress from demanding behaviours [65,66], as well as gamete [ 8 |
production [67]. In females, allocation of carotenoids to the eggs [68] has been shown to influence
chick immune function [69], survival and even adult carotenoid coloration [70]. In some gulls, KCs
are preferentially deposited in egg yolk over the hydroxy-carotenoids (lutein, zeaxanthin) [71], which
may indicate unique benefits of yolk KCs. Considering the red colour of red bishop egg yolks
(S. Andersson 2022, personal observation), yolk deposition of KCs seems likely and the high female
CYP2]19 expression might thus be a physiological preparation for egg-laying.

Interestingly in this context, female CYP2]J19 expression appeared to be negatively related to body
condition, as opposed to the positive bivariate relationship in males (which disappeared when
controlling for testicular development). This could indicate a cost or trade-off unique to females, but
given the small sample size (2=6) and a spurious interaction with Julian date, we refrain from
speculations and highlight the need for further studies on female-specific functions of CYP2J19 and KCs.

*sosi/Jeunof/610Guiysgnd/aposjedos

4.2. Regulatory mechanisms of (YP2J19 expression

Given that the evolution of red KC-coloration is associated with co-option of CYP2]19 expression to a
new tissue, rather than with functional (coding) changes [25], some of the first questions to address
concern the regulatory mechanisms; our results provide some first indications of the environmental,
hormonal and sexual control of CYP2]19.

Firstly, as implied above, one might expect that CYP2]19 is directly or indirectly regulated by the
dietary uptake of its substrates (i.e. the KC precursors), as is the case of the carotenoid oxidases in the
retinoid (vitamin A) pathway [72] and many other xenobiotic-induced liver CYP’s [73]. We suggest
that increased access to carotenoids from germinating grasses [74] at the start of the rainy season is a
probable trigger of the significant seasonal upregulation of CYP2J19 in males (and probably also
females although represented by a single non-breeding individual). The regulation might be either via
ligand-activation of nuclear receptors, as in many ‘xeno-sensing’” CYP’s [75], or via the hypothalamic-
pituitar-adrenal axis and adrenal steroids (A4) as discussed below. Evidence compatible with such
dietary regulation of CYP2J19 comes from the KC-pigmented house finch (Carpodacus mexicanus) [76]
and common crossbill (Loxia curvirostra) [77,78], in which increased plasma hue and carotenoid
content, respectively, coincided with a shift to carotenoid-rich diets one to two months before the
moult period. Moreover, in the crossbills, there was a one-month delay between increased plasma
concentrations of dietary carotenoids and the rise in KCs [77], suggesting a lag in either production or
mobilization (or both) of KC’s. Early upregulation of CYP2J19 may thus be an adaptation to begin
accumulating KCs well before the brief time-window of plumage deposition in males (and yolk
deposition in females). In terms of signal content and honesty, this differs markedly from KC-coloured
bare parts (skin, bill) in which redness may dynamically reflect either circulating carotenoid levels
(but see [79]) or, in the case of ‘peripheral converters’, integumentary CYP2J19 activity. Further
research examining covariation between hepatic CYP2J19, circulating carotenoids and seasonal
availability of carotenoid precursors is needed in order to determine the importance of diet in driving
individual variation in CYP2]J19 expression.

Second, CYP2]19 expression may be under hormonal control. The hormonal control of avian
carotenoid coloration is poorly known, but our study species (E. orix) is an excellent place to start
given that its close relative, the northern red bishop (Euplectes franciscanus), was the main subject of
the foundational work by Witschi [45,80]. His work established that male nuptial moult and plumage
pigmentation are not induced by T, but rather by the hypophyseal LH, although some influence of
androgens on ‘carotenoid mobilization” was also suggested. In recent years, and largely owing to the
interest in T-mediated ‘honest signalling’ (see below), T-effects on carotenoid coloration have been
indicated in some species with bare-part (bill, skin) pigmentation [43,81,82], and in one species with
KC-based plumage ornamentation; the red-backed fairy wren (M. melanocephalus) [46,47]. Intriguingly,
in this species, Khalil et al. [26] found that exogeneous T (implants) resulted in increased hepatic
expression of CYP2]19, albeit in a very small sample (1 = 3).

By contrast, in the southern red bishop, Edler & Friedl [31] found no relationship between plasma T
and redness, and the present study found no signs of T-regulation of CYP2]19 since gene expression was
(i) high in females as well as in males with regressed or at most half-grown testes (less than 5 mm), and
(ii) unrelated to circulating T, which was elevated only in PostCARD males with large or fully grown
testis (5-13 mm). In fact, the highest CYP2]19 expression levels were found in two brown males with
no signs of moult, fully regressed testes and the lowest recorded levels of T (ca 0.3ngl™). To
conclude, if there is an influence of T on plumage redness in this species, it is probably not via
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CYP2J19 activity and KC production and more likely owing to the ‘carotenoid mobilization” that Witschi [ 9 |
[80] suggested, perhaps via the uptake and lipoprotein transport mechanisms elegantly revealed by
McGraw et al. [43].

Interestingly, however, another steroid, A4 had a positive association with CYP2]19 expression in
KC-depositing (CARD) males. A4 is a precursor of both T and oestrogenic steroids and may therefore
be secreted along with its metabolite from the gonads, but since the testes were small and there was
no relationship between A4 and the low T-levels during the CARD stage, A4 was probably not
gonadal at this time (but may be so in PostCARD males where indeed A4 was positively correlated
with the rising T-levels; see figure 3b). Instead, we suggest that the A4in CARD males may be
produced in the adrenals, as in several bird species [83-86]. Adrenal A4 and/or its precursor
dehydroepiandrosterone (DHEA) may regulate hepatic CYP2]J19 expression either directly or, like the
neuroendocrinological control of aggression by DHEA when gonadal T is low or absent (e.g. [87]),
after peripheral conversion to T or E2. Since adrenal steroidogenesis is partly under the control of LH
(e.g. in humans and mice [85,88]), adrenal A4 could be an early hypothalamic induced and pre-
gonadal trigger of CYP2J19 and KC accumulation. This is consistent with the described earlier
production of red compared to black feathers during moult and compatible with the LH-induction of
full prenuptial moult and melanin pigmentation demonstrated by Witschi [45,80] in the closely related
northern red bishop (E. franciscanus).

*sosi/Jeunof/610Guiysgnd/aposjedos

4.3. Implications for honest signalling

The widely held view that carotenoid displays advertise health or ‘quality’ is surprisingly
unsubstantiated [1,8], especially in natural populations, and even where associations seem strong
between carotenoid coloration and aspects of health or viability (e.g. [7,89,90]), the mechanistic links
are debated. Most attended to in recent years is the SPH [14], which proposes that it is neither access
nor allocation, but rather the metabolism of carotenoids, that prevents cheating, more specifically that
carotenoid ketolation hinges directly on respiratory (i.e. mitochondrial) efficiency [16].

Here, by analysing CYP2]19 expression in wild birds, during the production of an exaggerated and
sexually selected KC-display, we address the core tenet of SPH, namely that carotenoid ketolation rate is
the limitation and link between KC-based redness and condition. To the contrary, we found that plumage
redness (hue) was unrelated to CYP2]19 expression and that neither was predicted by body condition, a
reliable health indicator which, in the congeneric widowbirds, is associated with their long tails [39,91,92]
as well as with their elaborate behavioural displays [54]. Compared to such obviously costly traits, the
proposed ‘energetic cost of carotenoid utilization” [16,93] seems likely to be minor, even in such a
formidably carotenoid-coloured species as the southern red bishop, and thus unlikely to mediate
honest signalling. In addition, if the catalytic rate of CYP2]J19 was a major source of redness variation,
one would expect a positive relationship between CYP2J19 expression and redness, which we did not
find. Although hue could only be investigated in males with quantifiable colour patches, i.e. one to
three weeks after pigment deposition, gene expression levels did not decline after moult, which
is why it seems reasonable to assume that individual expression levels, or at least their rank order, did
not change. Moreover, that CYP2]19 expression showed no signs of downregulation after moult also
in itself speaks against carotenoid ketolation as a costly and (as argued above) primarily signal-
producing trait.

Here should also be mentioned the special case of the SPH which posits that carotenoid ketolation
takes place in the mitochondria and shares essential machinery with cellular respiration, thereby
creating an inexorable and ‘cost-free’ link between coloration and individual quality. This idea was
proposed by Johnson & Hill [17] and recently labelled the inner mitochondrial membrane carotenoid
oxidation hypothesis by Cantarero ef al. [20]. While ‘cost-free’ ketolation in principle could explain
the lack of sex-biased expression as well as the lack of condition-dependence, the absent correlation
between coloration and CYP2]19 expression (inasmuch as it reflects ketolation activity) argues against
also this version of the SPH. Moreover, the critical assumption that ketolation occurs exclusively in the
mitochondria is not well founded and in fact rather unlikely given that the vast majority of CYP’s
(e.g. 55 of 57 human CYP’s) locate to the endoplasmatic reticulum, which in the house finch indeed
appeared to have higher KC concentration than the mitochondria [22].

Finally, we find no support for T-mediated honesty of carotenoid coloration (e.g. [42]) in southern red
bishops. T-levels were unrelated to both redness and CYP2]19 expression and, most importantly,
CYP2]J19 upregulation as well as carotenoid deposition in feathers occurred before testes were
developed and plasma T-levels began to rise. Any influence of T on redness, via effects on carotenoid
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uptake, conversion or transport [43], would thus be driven by the low pre-gonadal T levels, which in [ 10 |
addition seem unlikely to have an immuno-suppressive effect (the core assumption of the
immunocompetence handicap hypothesis).

4.4, Concluding remarks

Based on its elevated expression before and during the male prenuptial moult in southern red bishops,
hepatic CYP2J19-catalysed carotenoid ketolation is most likely a necessary component of the red
coloration. However, ketolation rate seems to be neither condition-dependent nor a significant source
of individual redness variation, contrary to current ideas that carotenoid conversion efficiency reliably
links redness to individual quality. Similar expression levels in females, and sustained levels in males
after moult, suggest other roles of hepatic CYP2J19 and KC'’s, such as detoxification or antioxidant
functions. As regards regulation, CYP2]19 expression preceded testicular growth and was independent
of plasma T, but positively correlated with A4. This might be of adrenal origin and compatible with
the LH-triggered nuptial pigmentation previously shown in this genus, opening the door for exciting
research into the regulatory mechanisms of CYP2J19 at both physiological and molecular levels.
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