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Astaxanthin and papilioerythrinone in the skin
of birds: a chromatic convergence of two metabolic routes

with different precursors?
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Abstract Carotenoids are organic pigments involved in sev-
eral important physiological functions and may serve as indi-
cators of individual quality in animals. These pigments are
only obtained by animals from the diet, but they can be later
transformed into other carotenoids by specific enzymatic re-
actions. The diet of farm-reared and probably wild red-legged
partridges (Alectoris rufa) is mainly based on cereals that
contain high levels of lutein and zeaxanthin. These two carot-
enoids are also predominant in internal tissues and blood of
red-legged partridges. However, in their integuments,
astaxanthin and papilioerythrinone (the last one identified in
this work) are mainly present in their free form and esterified
with fatty acids. According to available literature about carot-
enoid metabolism in animals, we propose that astaxanthin
(Amax=478 nm) and papilioerythrinone (A,.x=452-478 nm)
are the result of a chromatic convergence of the transformation
of dietary zeaxanthin and lutein, respectively. Moreover, the
results obtained in this work provide the first identification by
liquid chromatography coupled to accurate mass quadrupole
time-of-flight mass spectrometer system of papilioerythrinone
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(m/z 581.3989 [M+H]") in the skin (i.e., not feathers) of a
vertebrate. Astaxanthin and papilioerythrinone are very close
in terms of chemical structure and coloration, and the combi-
nation of these two keto-carotenoids is responsible for the red
color of the ornaments in red-legged partridges.

Keywords Carotenoid metabolism - Bird coloration -
Alectoris rufa - Astaxanthin - Papilioerythrinone - QTOF-MS/
MS

Introduction

Carotenoids are organic pigments that are found naturally in a
wide range of living organisms. Over 600 carotenoids have
been described in nature (Goodwin 1984; Britton et al. 1995),
but this number is still rising due to the identification of new
carotenoids in different organisms as algae (Mangoni et al.
2011), fruits (Murillo et al. 2011), animals (Maoka 2009,
2011; LaFountain et al. 2013), among others. In particular,
the identification of carotenoids in the external tissues of
animals has attracted the attention of zoologists and evolu-
tionary biologists. Animals do not only use carotenoids as
pigments, but also as antioxidants (Miller et al. 1996; Stahl
and Sies 2003) and immune boosters (Lozano 1994; Chew
and Park 2004). However, the only source of these com-
pounds is the diet (Surai 2002; McGraw 2006). This makes
individuals producing colorful ornaments face a health-
versus-color trade-off for the allocation of probably scarce
carotenoids. This trade-off would have favored the evolution
of carotenoid-based ornaments as reliable signals of individual
quality throughout sexual selection (Lozano 1994; Alonso-
Alvarez et al. 2008; Pérez-Rodriguez 2009). As mentioned
above, animals incorporate carotenoids from the diet, but
these pigments can subsequently be transformed in other
diverse carotenoids through specific enzymatic reactions
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(e.g., McGraw 2006; Hill and Johnson 2012). Several meta-
bolic routes have been described in animal species that trans-
form dietary carotenoids into those deposited in integuments
(feathers and skin of bare parts in birds; e.g., LaFountain et al.
2013; McGraw 2006; Meller et al. 2000; Stradi et al. 2001).

The red-legged partridge (4lectoris rufa) is an important
gamebird with high economic and socio-cultural value in
Spain (e.g., Gortazar et al. 2000; Arroyo et al. 2012; Diaz-
Fernéndez et al. 2013). This bird has been used as a model
species in behavioral and evolutionary biology studies in
recent years (e.g., Alonso-Alvarez et al. 2008; Pérez-
Rodriguez and Vifuela 2008; Alonso-Alvarez and Galvan
2011). In terms of carotenoid identification, Garcia-de Blas
et al. (2011) reported that the two main carotenoids responsi-
ble of red coloration in the integuments of red-legged par-
tridge were astaxanthin (\p.=478 nm; m/z 597.3 [M+H]")
and another red-colored carotenoid (A, =452-478 nm; m/z
581.2 [M+H]"). Combining the information from UV—Vis
and MS detectors, Garcia-de Blas et al. (2011) determined
that these two carotenoids were present in both free form and
esterified with fatty acids. Astaxanthin formed mono- and
diesters, whereas carotenoid X only formed monoesters,
which suggests that carotenoid X has only one hydroxyl
group. The lack of one oxygen atom explains the difference
in m/z observed. This property coincides with
papilioerythrinone (C40Hs,03), a ketocarotenoid described
in the plumage of some birds (LaFountain et al. 2013; Stradi
et al. 2001), insects (Harashima et al. 1972 and 1976), and
crustacea (Harashima et al. 1976; Matsuno and Maoka 1988).
Despite of the similarity between astaxanthin and
papilioerythrinone, these two ketocarotenoids result from the
transformation of different dietary precursors (i.e., zeaxanthin
and lutein, respectively) (McGraw 2006). Interestingly,
astaxanthin in red-legged partridge has been found to be the
main carotenoid in both wild and farm-reared red-legged
partridges (Garcia-de Blas et al. 2013), whereas zeaxanthin
(its precursor) is usually scarcer in plants than lutein
(Goodwin 1984).

In this study we identify unequivocally “carotenoid X as
papilioerythrinone. This would be the first time that this
carotenoid is identified in the skin (not feathers) of a verte-
brate. We used advanced analytical techniques and considered
the probable metabolic routes. In this order, comparisons of
retention times and spectra (both UV—Vis and MS) of all
pigments of mass 580.3 Da were performed. This was made
(1) on the basis of available literature, (2) by using commercial
standards or (3) by the extraction of carotenoids from its
natural sources. Different chromatographic and detection
techniques such as high performance liquid chromatography
coupled to diode array detector (HPLC-DAD), mass spec-
trometry (HPLC-MS)and tandem mass spectrometry (LC-
MS/MS) detectors were applied. Here we discuss the possi-
bility that papilioerythrinone could be the best alternative for
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red-legged partridges to obtain a similar red color such as that
produced by astaxanthin, especially because the precursor of
the former is more abundant.

Material and methods
Reagents

Hexane, tert-butyl methyl ether (TBME), methanol (MeOH),
and acetone were purchased from Prolabo (VWR,
Lutterworth, UK). All chemicals were HPLC gradient grade.
Carotenoid standards of lutein, zeaxanthin, astaxanthin,
astaxanthin dipalmitate and adonirubin (phoenicoxanthin/3-
hydroxycanthaxanthin) were purchased from CaroteNature
(Lupsingen, Switzerland). Non-commercially available carot-
enoids (pectenolone and papiliorerythrinone) were obtained
from natural sources to use these extracts as standards.

Extraction of carotenoids

Carotenoid X was extracted from bare parts (i.e., eye rings,
bill and legs) of a sample of red-legged partridges (n=30)
following the method described by Garcia-de Blas et al.
(2013).

Pectenolone was extracted from the gonad of giant scallops
Pecten maximus (n=4) purchased from a food market in
Spain. The extraction procedure was based on Suhnel et al.
(2009) with few modifications. A scallop sample (500 mg)
was transferred to a 15 ml tube and homogenized with 10 ml
of solvent mixture (acetone/hexane, 1:3 [v/v]), and then it was
shaken vigorously during 15 min and centrifuged (2,026 x g,
5 min). The supernatant was evaporated to dryness under N,
stream.

Papilioerythrinone was extracted from the entire orange
pupae (n=5) of swallowtail butterflies (Papilio xuthus)
(Harashima et al. 1972), the whole of the carapace of one
Hanasakigani crab (Paralithodes brevipes) (Harashima et al.
1976; Matsuno and Maoka 1988) and breast feathers of male
(n=23) common bullfinches (Pyrrhula pyrrhula) (Stradi
1998; Stradi et al. 2001). Pupae of swallowtail and crab
carapaces were kindly provided by Akira Yamanaka (Depart-
ment of Biology and Chemistry, Yamaguchi University, Ja-
pan) and Sayuri Shigematsu (Department of Microbiology
and Immunology, Nagasaki University, Japan), respectively.
Pupae integuments and crab carapaces were washed with
0.5 ml of NaCl and stirred vigorously for 1 min. Then,
carotenoids were extracted with 2 ml of acetone in an electric
homogenizer (Ultra-turrax VDI 12, VWR, Barcelona, Spain)
for 30 s. This step was carried out twice. The sample was kept
on ice avoiding exposure to light. The two pooled extracts
were centrifuged (2,026xg, 5 min) and supernatants were
mixed with 2 ml of hexane and they were stirred vigorously
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for 1 min. Pooled extract was centrifuged again (2,026xg,
5 min), and the supernatant was evaporated to dryness under
N, stream. Bullfinch feathers were provided by the Estacion
Biologica de Dofiana (CSIC, Sevilla, Spain) and the Museo
Nacional de Ciencias Naturales (CSIC, Madrid, Spain). These
feathers were analyzed following the method described by
McGraw and Hardy (2006), with some modifications. The
red portion of the feathers was washed with ethanol and
hexane to remove the lipid component of the feathers, and
then it was extracted in a glass tube (with N, in the headspace)
with acidified pyridine at 95 °C in a water bath, for 15 min.
Pyridine was acidified with a few HCI drops. After this, it was
cooled down to room temperature and 5 ml of water were
added. The tube was inverted several times and then 2.5 ml of
hexane/TBME (1:1 [v/v]) were added. It was stirred vigor-
ously for 2 min and centrifuged (2,026xg for 5 min). The
supernatant was evaporated under N, stream.

Dry extracts of carotenoids obtained from all these natural
sources were re-dissolved in appropriate amount of the mobile
phase described below and analyzed by HPLC techniques.

Instrumentation for carotenoid analyses

Two LC systems were used in this work. An Agilent 1100
Series system equipped with a photodiode array detector
(DAD) online with a single quadrupole mass spectrometer
(MS) (Agilent 6110 LC/MS Quadrupole) was used. In order
to obtain accurate mass and MS/MS data, an Agilent 1260
Infinity LC system coupled to a quadrupole-time of flight (Q-
TOF) mass spectrometer (Agilent 6530 Q-TOF MS) was also
used. In both cases, the analyses were carried out following
the method described by Garcia-de Blas et al. (2011). Briefly,
the column was specific for analysis of carotenoids (YMC-30
Carotenoid 5pum, 250%4.6 mm id). The mobile phase was
MeOH/TBME/H,O (81:15:4) (phase A) and TBME/MeOH
(90:10) (phase B). The initial chromatographic conditions
were 99 % of A and 1 % B, with a first gradient change to
44 % A and 56 % B in 78 min, a second gradient to 100 % B in
12 min, and then to return to initial conditions in 10 min,
followed by a stabilization time under these conditions for
10 min before the next run. The injection volume was 20 ul
and the flow rate was 0.5 ml/min.

The DAD scan range was 300—600 nm, but the detection
and quantification was carried out at 480 nm. The determina-
tion by LC-MS was carried out using positive-ion by
Atmospheric-Pressure Chemical lonization (APCI), sweeping
mass of 100 to 620m/z. The drying gas used was N, at a flow
of 10 1/min, nebulizer pressure was set at 45 psi, the drying gas
temperature was 320 °C, vaporizer temperature was 325 °C,
capillary voltage was set at 3,500 V, crown intensity was 5 pA
and the charging voltage of 2,000 V and shredder to 100 V.
The analysis by LC-MS/MS was performed with an
electrospray ionization source in positive mode. During all

analysis two reference masses were used: m/z 121.0509
(C5H4N4) and m/z 922.0098 (C18H1806N3P3F24). These
masses were continuously infused to the system to allow
constant mass correction. Targeted MS/MS were carried out
at 20 V collision energy over the 581.3989m/z precursor ion
(C4oHs5,05+H)" at a retention time of 18.5+2.0 min with the
same settings as in LC-MS analyses. For system control and
data acquisition in the LC-MS/MS analysis the Agilent
MassHunter Acquisition software was used. Data
reprocessing was performed by Agilent MassHunter Qualita-
tive Analysis Software and the study of the fragmentation of
MS/MS was carried out by using Agilent’s Molecular Struc-
ture Correlator software.

Results

Identification of carotenoid X: screening by structural
information, chromatographic behavior and UV—Vis spectra

The chromatogram with DAD detection of the red-legged
partridge integuments shows the presence of carotenoid X at
the retention time of 20.927 min (Fig. 1). The swallowtail
pupae (Fig. 2a) and the carapace of Hanasakigani crab
(Fig. 2b) did not show any major carotenoid with the same
retention time and UV—Vis spectrum as carotenoid X (Fig. 1).
However, in the pupae, papilioerythrinone shows as a minor
peak that indeed matches the retention time and UV-Vis
spectrum of carotenoid X, though it was too small to have a
good definition in the spectrum. In the extract of the bullfinch
feathers we have observed the corresponding peak to
papilioerythrinone at 20.886 min, with this flattened UV—Vis
spectrum (Fig. 2¢), and a similar retention time (20.927 min)
and spectrum was observed for carotenoid X from the extracts
of integuments of red-legged partridges (Fig. 1).

Identification of papilioerythrinone by mass spectrometry

The accurate masses ([M+H]") obtained by LC-QTOF-MS/
MS of the peak identified as papilioerythrinone in common
bullfinch feathers and the carotenoid X peak in red-legged
partridge integuments were m/z 581.3998 and 581.3993, re-
spectively. In the mass spectrum of these peaks, there was also
an ion at m/z 603.3826 in bullfinches and at m/z 603.3823 in
partridges, which may correspond to [M+Na]".
Papilioerythrinone in bullfinches and carotenoid X showed
the same isotopic distribution for the molecular ion (Fig. 3)
and fragmentation pattern in MS/MS spectra (Fig. 4). Theo-
retical exact mass calculated for the molecular ion of
papilioerythrinone (C4oHs305; [M+H]") was 581.3989. The
difference of this mass with respect to exact mass calculated
for carotenoid X of red-legged partridges (581.3993) was
—0.72 ppm and for papilioerythrinone of bullfinch feathers

@ Springer
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Fig. 1 Chromatogram (HPLC-DAD) of the integuments of red legged
partridges. 1 Carotenoid X (identified as papilioerythrinone in this work),
2 astaxanthin, 3 lutein, 4 cantaxanthin; UV—Vis spectrum of
papilioerythrinone is included, too. Astaxanthin and papilioerythrinone
esters were identified on basis to their UV—Vis and MS spectra (described
by Garcia-de Blas et al. 2011). Monoesters of papilioerythrinone: 5
papilioerythrinone monolinoleate, 7 papilioerythrinone monooleate, 9

(581.3998) was —1.48 ppm (Fig. 3). Besides, the relative
abundance of ions forming molecular clusters is the same in
carotenoid X and papilioerythrinone. These values are shown
in the table contained in Fig. 3. For the sodium adduct of
papilioerythrinone (C40Hs,O3Na; [M+Na]"), theoretical ex-
act mass calculated was 603.3814; in this case, the difference
of this mass with respect to mass calculated for corresponding
observed ion of carotenoid X of red-legged partridges
(603.3823) was —1.49 ppm and for papilioerythrinone of
bullfinch feathers (603.3826) was —1.98 ppm.

MS and MS/MS spectra of astaxanthin standard were also
obtained for comparison with the papilioerythrinone extracted
from bullfinches (and carotenoid X from partridges) because
both carotenoids have similar chemical structure, and hence,
they should provide similar fragmentation patterns (Fig. 5).
The main ions observed were:

—  Astaxanthin: [M+Na]" (m/Zz 619.8759); [M+H]" (m/z
597.3917); [M+Na-18]" (m/z 601.3585); [M+Na-92]"
(m/z 527.2853); [M+Na-106]" (m/z 513.413); [M+Na-
138]" (m/z 481.2629).

—  Papilioerythrinone: [M+Na]" (m/z 603.3826); [M+H]"
(m/z 581.3998); [M+Na-18]" (m/z 585.2952); [M+Na-
921" (m/z 511.3187); [M+Na-106]" (m/z 497.3049); [M+
Na-138]" (m/z 465.2775).

—  Carotenoid X: [M+Na]" (m/z 603.3823); [M+H]" (m/z
581.3993); [M+Na-18]" (m/z 585.2887); [M+Na-92]"
(m/z 511.3194); [M+Na-106]" (m/z 497.3036); [M+Na-
138]" (m/z 465.2803).

@ Springer

papilioerythrinone palmitate, 12 monoester not identified. Monoesters
of astaxanthin: 6 astaxanthin monolinoleate, 8 astaxanthin monooleate,
10 monoester not identified, 11 astaxanthin monopalmitate, 13 monoester
not identified. Numbers 14 to 21 are astaxanthin diesters (in this case, the
fatty acids forming diesters were not identified, only astaxanthin
dipalmitate (19), which was identified by comparison with the commer-
cial standard)

Discussion

Our results as a whole allowed identifying the second major
carotenoid present in red-legged partridges ornaments (“ca-
rotenoid X”). We considered and subsequently discarded
those carotenoids with structure like astaxanthin and mass of
580.3 Da, i.c., pectenolone, (4R)-4-hydroxyalloxanthin,
methoxy-keto-micoxanthin, 4-(D-glucopyranosyloxy)-7',8'-
dihydro-4,4'-diaponeurosporene, 2-hydroxycantaxanthin and
adonirubin (www.lipidbank.jp). We initially discarded 4-(D-
glucopyranosyloxy)-7',8'-dihydro-4,4’-diaponeurosporene,
methoxy-keto-micoxanthin and (4R)-4-hydroxyalloxanthin
((3S.,4R,3'R)-4-hydroxyalloxanthin) according to the available
information in the literature because none of them show a
structure similar to astaxanthin (Britton 1995) or meet
the necessary requirements to form monoesters only, this is that
they contain a single hydroxyl group or present a second
hydroxyl radical less capable of forming esters (Garcia-de Blas
et al. 2011). Adonirubin was discarded because the retention
time (30.663 min) and the UV—Vis spectrum (\,.x=477 nm)
that we obtained from the standard did not match the data
obtained for carotenoid X (see Online resource 1). Since 2-
hydroxycanthaxanthin is just a positional isomer of adonirubin,
it was discarded because 2-hydroxy-canthaxantin probably
presents a retention time and UV spectrum similar to
adonirrubin (also 3-hydroxy-cantaxanthin). Similarly, none of
the chromatographic peaks obtained from the giant scallop that
may correspond to pectenolone had the UV—Vis spectrum of
carotenoid X (See online resource 2).
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Fig. 2 Chromatogram (HPLC-
DAD) corresponding to the entire
orange pupae of a swallowtail (a),
carapaces of a Japanese crab (b)
and feathers of common bullfinch
feathers (c). It has not been
possible to identify carotenoids in
a and b due to the absence of
commercial standards. ¢ 1
Papilioerythrinone, 2 astaxanthin,
3 adonirubin, 4 x-doradexanthin,
5 cantaxanthin (identification as
Stradi et al. 2001); UV-Vis
spectra of papilioerythrinone and
carotenoids at the same retention
time are also included

The fact that swallowtail pupae and the carapace of
Hanasakigani crab did not show any major carotenoid with
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the same retention time and UV—Vis spectrum as carotenoid
X, is in agreement with Harashima et al. (1972, 1976) that
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Height % (Calc.) m/z (Calc.) Height % (Papilioerythrinone) m/z (Papilioerythrinone) Diff (ppm)

100 581.3989 100 581.3998 -1.48
44 582.4023 45.7 582.4034 -1.81
10.1 583.4056 11.8 583.4051 0.72

450000 581.3998

200000

582.4034
583.4051
0 Il
580 582 584

Height % (Calc.) m/z (Calc.) Height % (Carotenoid X) m/z (Carotenoid X) Diff (ppm)

100 581.3989 100 581.3993 -0.72
44 582.4023 41.6 582.4024 -0.16
10.1 583.4056 104 583.404 2.75
500000 581.3993
250000
582.4024
583.404
0 , I
580 582 584

Fig. 3 Isotopic pattern of molecular ions of papilioerythrinone and
carotenoid X

performed the identification of papilioerythrinone in pupae
and crabs by column chromatography and thin layer chroma-
tography. They also described that the main carotenoid present
in these samples was papilioerythrin (identical to o-
doradexanthin: C4oHs4053), papilioerythrinone being only a
minor carotenoid in both organisms.

On the other hand, we have observed a peak in the extract
of the feathers of male common bullfinch showing the same
retention time and UV—Vis spectra than the carotenoid X of
red-legged partridge. Stradi et al. (2001) identified
astaxanthin, «-doradexanthin, adonirubin, cantaxanthin and
papilioerythrinone in breast feathers of male common bull-
finch. They also described an absorption spectrum for
papilioerythrinone with a flattened shape at the crest and A .«
at 452-478 nm. These findings strongly suggest that caroten-
oid X is the same molecule that Stradi et al. (2001) identified
as papilioerythrinone in male bullfinch feathers.

We have also observed cantaxanthin in the integuments of
farm-reared red-legged partridges (Fig. 1), because this keto-
carotenoid is usually supplemented in the commercial feed
used for this species (Garcia-de Blas et al. 2011). However,
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wild red-legged partridges tend to have much lower values
than farm-reared birds (Garcia-de Blas et al. 2013).

The results obtained from LC-QTOF-MS/MS show the
typical ions of the fragmentation of carotenoids (Britton
et al. 1995) and they are in agreement with to fragmentation
reported in the literature (Britton et al. 1995; Enzell et al.
1968; Enzell and Back 1995). The identification of carotenoid
X as the same molecule found in male bullfinch feathers was
reinforced with the Molecular Structure Correlator (MSC)
software, which compares the obtained MS/MS spectra (i.e.,
carotenoid X) with the calculated theoretically from known
molecules (here papilioerythrinone). In this case, MSC pro-
vided a list of ions and elucidated 70 % of them with 99.9 %
weight (See online resource 3).

The presence of papilioerythrinone has been reported in
feathers of some passerine birds (Stradi et al. 2001;
LaFountain et al. 2013), but this work is the first in which
papilioerythrinone is detected in the skin (not feathers) of any
vertebrate, and also the first time for any tissue in non-passerine
avian species. Furthermore, our previous studies are the first in
showing that papilioerythrinone can be esterified with different
fatty acids in animal integuments, which makes carotenoids
more stable against oxidation (see Garcia-de Blas et al. 2013).

Regarding metabolic transformations of ingested caroten-
oids in red-legged partridge, astaxanthin and
papilioerythrinone are the main carotenoids present in their
integuments, but neither their commercial diet (Garcia-de Blas
et al. 2011) nor the liver and plasma of partridges with the
same diet contain these two keto-carotenoids (Rodriguez-
Estival et al. 2010). This indicates the possibility of a trans-
formation of dietary zeaxanthin and lutein into astaxanthin
and papilioerythrinone in the integument, as previously sug-
gested for other birds (McGraw 2006). Stradi et al. (2001) and
LaFountain et al. (2013), among others, proposed that
papilioerythrinone is the result of transformation of dietary
carotenoids, and more specifically, of lutein (Fig. 6). They
suggested that lutein is oxidized to an intermediary compound
(papilioerythrin [o-doradexanthin: (35,3'S,6'R)-3,3'-
dihydroxy-3-e-caroten-4-one] or fritschiellaxanthin ((3S,3’
R,6'R)-3,3'-dihydroxy-3-e-caroten-4-one), and this one is lat-
er transformed to papilioerythrinone ((35,6'R)-3-
hydroxy-f3-e-carotene-4,3'-dione) after dehydrogenation
(Fig. 6). In the same way, zeaxanthin is transformed to
astaxanthin after two 4-oxidations of the two [3-end groups.
Zeaxanthin ((3R,3'R)-3-3-carotene-3,3'-diol) is oxidized first
to adonixanthin (4-keto-zeaxanthin: (3S5,3'R)-3,3'-
dihydroxy-(3-[3-caroten-4-one) and this one later leads to
astaxanthin (3S,3'S)-3,3'-dihydroxy-[3-3-caroten-4,4'-dione)
(Maller et al. 2000; Lemoine and Schoefs 2010; LaFountain
et al. 2013) (Fig. 6). Nonetheless, we have not found o-
doradexanthin (neither fritschiellaxanthin) or adonixanthin in
the integument of the red-legged partridge. To explain this, we
may tentatively propose a high efficacy of those unknown
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Fig. 4 MS (top) and MS-MS (bottom) spectra of papilioerythrinone (a) and carotenoid X (b). Precursor ion is 581.3989 at a retention time of 18.5+

2 min in both cases

enzymatic routes involved in these biotransformations, perhaps
involving simultaneous transformations, and hence preventing
to detect intermediate compounds (Hill and Johnson 2012).
These enzymes are still unknown (e.g., Hill and Johnson
2012). However, in the case of papilioerythrinone, we could
mention that the biochemical characteristics of the candidate 4-
oxidase and dehydrogenase suggest that they should occupy
opposite sides of the bilayer cell membrane (James D. Johnson,
personal communication), allowing a quick biotransformation

of the lutein substrate.

Fig. 5 Propose fragmentation of
papilioerythrinone (carotenoid X)
and astaxanthin under MS/MS
conditions

It is known that birds have selective capacities to accumu-
late different carotenoids in their tissues in order to obtain
brightest colors (McGraw 2006). These strategies of colora-
tion, which are favored by sexual selection, are related to
available quantities of circulating carotenoid precursors
(McGraw and Gregory 2004). Frequently, red to yellow plum-
ages are the result of the combination of several types of
carotenoids with different color (some yellow and some red
pigments, (McGraw 20006)). Interestingly, our work has
shown that the red integuments of red-legged partridges are

OH

Astaxanthin
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Fig. 6 Probable metabolic route
of transformation of dietary
carotenoids into integument
carotenoids in red-legged
partridges. a From zeaxanthin to
astaxanthin. b From lutein to
papilioerythrinone. Metabolic
pathways have been proposed on
basis to McGraw (2006, and
references cited therein) and
LaFountain et al. (2013)

W

SS 3'R,6'R)-3,3"-Dihydroxy-B-e-Caroten-4-one
Fritschiellaxanthin

Dehydrogenation\

created by two keto-carotenoids that provide a very similar red
color, despite of being synthesized from different dietary
precursors.

Both astaxanthin and papilioerythrinone are redder than their
intermediate compounds. Adonixanthin, which is the interme-
diate product of the zeaxanthin—astaxanthin pathway, has a A
of 470 nm (in the mobile phase of the present study). In the
alternative lutein—papilioerythrinone route, fritschiellaxanthin
has Ap,ax of 450 nm (in petroleum ether; Matsuno and Ookubo
1982) and «-doradexanthin has A, of 453—-469 nm (in
petroleum ether; Castillo and Lenel 1978). However, both met-
abolic routes have yielded red ketocarotenoids showing very
similar A,,x values up to 478 nm from the yellow
hydroxycarotenoids zeaxanthin (\,.x=428-450-476) and lu-
tein (Apax=424-444-472 nm) (both in the mobile phase used
here). This can be considered as a sort of chromatic convergence
of the two metabolic routes. The result could be that both
pigments contribute to the color of bare parts (see Garcia-de
Blas et al. 2013), but could perhaps be indistinguishable for the
partridges’ eyes. Although we do not know the peak of spectral
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sensitivity of the red-legged partridge photoreceptors, short-
wavelength single (SWS) cones in other gallinacean (Gallus
gallus) show a peak at 475 nm (Hart and Vorobyev 2005; see
also Cuthill 2006), which is very close to A.x values of both
astaxanthin and papilioerythrinone. Furthermore, we have

Table 1 Composition of carotenoids in integuments (eye rings, bills and
legs) of wild red-legged partridges (N=29)

Pigment Mean+SD
Free astaxanthin 187.9+235.1
Free papilioerythrinone 22.6+31.1
Lutein 4.5+4.1
Cantaxanthin 10.6+10.4
Astaxanthin monoesters 544.5+£668.9
Astaxanthin diesters 4913.3+4558.6
Papilioerythrinone monoesters 265.4+316.4

Concentration are expressed in nmol of carotenoid per gram of tissue. See
Garcia-de Blas et al. (2011, 2013) for more details



Naturwissenschaften

previously shown that manipulation of bill and eye rings of male
partridges by means of red paint similar to the original color of
the species induced changes in the behavior of their mates,
which produced more eggs during the laying period (Alonso-
Alvarez et al. 2012).

Most part of variability in the pigments of red-legged
partridge integuments is due to astaxanthin diesters (Table 1),
which should be created from zeaxanthin. An intriguing ques-
tion is if the A\, of papilioerythrinone obtained from the most
abundant carotenoid in the diet (i.e., lutein) converged with
that from astaxanthin, why astaxanthin levels in ornaments are
much higher than papilioerythrinone levels (see Table 1 and
Garcia-de Blas et al. 2011, 2013)? A potential explanation
requires an evolutionary approach. If carotenoid-based orna-
ments of red-legged partridges are the result of sexual selec-
tion (see Alonso-Alvarez et al. 2012), their evolution could
depend on the costs associated to their production. Only high
quality birds would be able to face these costs, assuring the
reliability of the traits as signals of individual quality (the
handicap theory; sensu Zahavi 1975; also Grafen 1990). The
fact that zeaxanthin is proportionally less abundant in food
may imply a cost because animals should increase their food
intake. Alternatively or additionally, different metabolic routes
could be more or less costly. The astaxanthin—zeaxanthin
route (two oxidative steps) could be more sensitive to alter-
ations in the redox state than the papilioerythrinone—lutein
pathway (one oxidation and one dehydrogenation), being
favored by sexual selection to produce the ornaments of red-
legged partridges. Testing these hypotheses will require fur-
ther correlational and experimental approaches.

Conclusions

Our results confirm therefore, that carotenoid X present in red-
legged partridges is papilioerythrinone. This conclusion was
reached because papilioerythrinone and carotenoid X have the
same retention time and UV—Vis spectrum (Figs. 1 and 2),
similar isotopic distributions (Fig. 3) and patterns of fragmen-
tation in MS-MS (Fig. 4). Moreover, we may conclude that
papilioerythrinone and astaxanthin are the metabolic results of
oxidation of dietary carotenoids (Fig. 6) because neither
papilioerythrinone nor astaxanthin were present in the com-
mercial diets of the studied partridges. This raises new ques-
tions about the metabolic routes to produce papilioerythrinone
and astaxanthin from dietary sources, which may have impor-
tant implications for understanding the evolution of
carotenoid-based ornaments as sexual signals. Finally, the
results also emphasize the necessity of identifying those ca-
rotenoids giving color to animals before adding them to die-
tary supplements. Different companies add natural (common-
ly cantaxanthin) or synthetic carotenoids (usually an ester of
[3-apo-8-carotenoic acid; e.g., Pérez-Bonilla et al. 2011) to

pelleted food in order to intensify the red coloration of these
birds. These carotenoids are unrelated to the metabolic routes
here described, and it is unknown what effects on color of
birds may exert.
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