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ABSTRACT

Biliverdin and protoporphyrin pigments are deposited into the
eggshell when the developing egg is in the shell gland. How-
ever, the site of synthesis of eggshell pigments is still uncer-
tain, although it may influence the possible costs and potential
functions of eggshell coloration in avian species. Eggshell pig-
ments may be derived from red blood cells or be produced in
other organs and then transferred to the shell gland, or they
may be synthesized de novo in the shell gland. We studied in
the canary (Serinus canaria) whether eggshell blue-green and
brown pigmentations are associated with experimentally ele-
vated anemia, female hematocrit level, immature erythrocyte
percentage, and feces and plasma pigment levels during egg
laying to find out the possible origin of eggshell pigments. We
found no significant effects of hematocrit level or experimen-
tally elevated anemia on intensity of eggshell blue-green and
brown pigmentations; therefore, we consider it less likely that
eggshell pigments are derived from erythrocytes. In addition,
we found no significant associations between female feces bili-
verdin concentration during egg laying and intensity of eggshell
blue-green pigmentation, suggesting that eggshell biliverdin may
not originate from the spleen or liver. We found a negative as-
sociation between plasma and feces protoporphyrin concentra-
tions during egg laying and eggshell brown chroma. This result
suggests that an increased production of protoporphyrin in the
liver, which could have elevated plasma and feces protoporphyrin
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concentrations, could inhibit eggshell protoporphyrin pigmenta-
tion, probably through affecting enzymatic activities. We suggest
that both pigments are produced de novo in the shell gland in the
canary, but circulating pigment levels may influence shell gland
pigment synthesis, thus connecting the physiological status of the
female to eggshell coloration.

Keywords: anemia, antioxidants, bile pigments, eggshell col-
oration, oxidative stress, sexually selected eggshell coloration
hypothesis, shell gland.
Introduction

Avian eggs show a large variability in coloration and patterns,
which has a major genetic basis (Collins 1993; Gosler et al.
2000; Morales et al. 2010). Several hypotheses have been pro-
posed for the possible function of avian eggshell pigmentation
(Kilner 2006; Reynolds et al. 2009; Maurer et al. 2011). For
example, eggshell pigmentation may provide crypsis against
predators (Oniki 1979; Stoddard et al. 2011; Lovell et al. 2013),
or it may help parents to identify their eggs in species exposed
to brood parasites (Stokke et al. 1999; Soler et al. 2000; Moskát
et al. 2008). In addition, it is possible that eggshell pigments
filter harmful solar radiation and have thermoregulatory func-
tions (Bakken et al. 1978; Westmoreland et al. 2007) or that
they modify the amount and wavelength of light transmitted
through the eggshell and thus affect embryonic development
(Maurer et al. 2015). Moreover, eggshell pigments may protect
the embryo from transshell microbe contamination (Ishikawa
et al. 2010; Fargallo et al. 2014), or they may strengthen the
structure of the shell (Gosler et al. 2005; García-Navas et al.
2010; Hargitai et al. 2013).
Biliverdin pigment causes the blue-green background col-

oration of eggshells, while red-brown eggshell maculation is
generated by protoporphyrin pigment (Kennedy and Vevers
1976; Mikšík et al. 1996; Gorchein et al. 2009). Biliverdin shows
an antioxidant activity toward reactive oxygen species (Stocker
et al. 1987; McDonagh 2001; Kaur et al. 2003). In contrast, pro-
toporphyrin possesses prooxidant properties (Afonso et al. 1999;
Pimentel et al. 2013). The sexually selected eggshell coloration
(SSEC) hypothesis assumes that only high-quality females can
afford the costs of depositing large amounts of biliverdin into the
eggshell during reproduction, a time of a significant demand for
antioxidant compounds (Moreno and Osorno 2003). This hy-
pothesis predicts a positive association between female antioxi-
dant capacity and intensity of eggshell blue-green coloration.
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Support for the condition dependence (Moreno et al. 2006;
Siefferman et al. 2006;Duval et al. 2013) and connection to female
antioxidant capacity of blue-green eggshell coloration has been
found in several avian species (Morales et al. 2011; Butler and
McGraw 2013; Hargitai et al. 2016a).
Regarding the protoporphyrin-based eggshell pigmentation,

more intense brown eggshell coloration may reflect the poorer
physiological condition and higher level of oxidative stress of
the female bird, whichmay induce her to remove large quantities
of this prooxidant from her body to reduce oxidative damage
(Moreno and Osorno 2003). The hypothesis that darker brown
eggshell pigmentation is associated with poorer maternal con-
dition has been supported by the findings of several previous
studies (Martínez-de la Puente et al. 2007; Stoddard et al. 2012;
Duval et al. 2013; Hargitai et al. 2016a, 2016b).
The origin of eggshell pigments has been extensively stud-

ied in domestic poultry. It has been recognized that pigments
are deposited into the eggshell when the developing egg spends
ca. 20 h in the shell gland (uterus; Poole 1967; Baird et al. 1975;
Soh et al. 1993). However, the site of synthesis of eggshell pig-
ments is still uncertain. First, it has been suggested that damaged
and aging erythrocytes could be engulfed by macrophages in the
shell gland (Kennedy and Vevers 1973), and heme could then be
oxidized to biliverdin or converted to protoporphyrin by sub-
stituting Fe21 for H1 (Wang et al. 2009). Zhao et al. (2006) found
that the level of biliverdin in serum, bile, and feces did not differ
between blue- and brown-shelled chickens, but biliverdin con-
centration in the shell gland was significantly higher in blue- than
in brown-shelled chickens. In addition, heme-oxygenase (HO)
gene expression and enzyme activity in the shell gland was sig-
nificantly higher in blue- than in brown-shelled chickens (Wang
et al. 2011). In contrast, in the spleen and liver, HO enzyme gene
expression and activity showed no significant difference between
blue- and brown-shelled chickens, suggesting that the origin of
eggshell biliverdin is not the spleen or liver (Wang et al. 2013).
These results suggest that eggshell biliverdin pigment is most
likely synthesized in the shell gland by heme oxidation, although
it is not clear whether heme is derived from circulating red blood
cells or is produced de novo in the cells of the shell gland.
Second, it is possible that biliverdin and protoporphyrin

pigments, synthesized in other organs outside the shell gland
and circulating in the bloodstream, are absorbed by the cells in
the shell gland and then deposited into the eggshell. Biliver-
din is synthesized mainly in the spleen but also in the liver and
bone marrow, where aging and damaged erythrocytes are re-
moved from the circulation by the phagocytic activity of mac-
rophages (Murray 2003). Within these cells, heme is oxidized
to biliverdin, which is the predominant end product of heme
degradation in birds in contrast to mammals, who reduce bil-
iverdin to bilirubin (Maines 1988; Murray 2003; Kikuchi et al.
2005). Biliverdin is released into the circulation and is transferred
to the liver bound to serum albumin (Lamola et al. 1981; Murray
2003). From the liver, biliverdin is excreted via the bile into the
intestine, and then it leaves the body in the feces (Murray
2003). Protoporphyrin is produced during the process of heme
synthesis mainly in the hepatocytes of the liver and in the
differentiating erythrocytes in the bone marrow (Murray 2003).
During the synthesis, gamma-aminolevulinic acid (dALA) is gen-
erated from glycine and succinyl-coenzyme A by the enzyme
ALA synthase (Murray 2003). Next, dALA is converted to por-
phobilinogen by the enzyme ALA dehydratase, and porpho-
bilinogen is converted to protoporphyrin through several further
steps (Murray 2003). Finally, ferrochelatase enzyme catalyzes the
conversion of protoporphyrin into heme (Murray 2003). The
rate-limiting enzyme responsible for this reaction, ALA synthase,
is negatively regulated by heme concentration in nonerythroid
cells (Murray 2003). Limitation in iron availability could inhibit
the conversion of protoporphyrin into heme, and therefore the
level of protoporphyrin in the circulation and in the feces in-
creases (Langeret al. 1972;Piomelli et al. 1975).Protoporphyrin in
the blood can also be carried to the liver, fromwhere it is excreted
via the bile together with biliverdin (Lamola et al. 1981; Murray
2003).
Third, some studies on poultry support the idea that the

origin of eggshell pigments is the shell gland, where proto-
porphyrin is synthesized de novo via the dALA pathway. Fer-
rochelatase enzyme, which catalyzes the conversion of proto-
porphyrin into heme, could be inhibited in this process. Polin
(1957) reported that the tissue of the shell gland of chickens
produced significantly more porphyrins compared to liver
tissue in vitro. It was reported that levels of ALA synthase and
ALA dehydratase were significantly higher, while ferroche-
latase activity was lower in the uterus of brown- than of white-
shelled chickens (Stevens et al. 1974; Schwartz et al. 1980). In
the Japanese quail (Coturnix japonica), ALA dehydratase en-
zyme activity was higher during the pigmentation process in
the shell gland than in the liver (Yamada 1972), and ALA de-
hydratase activity increased slightly when an egg was present
in the oviduct (Stevens et al. 1974). Similarly, biliverdin could
be produced in the shell gland if the produced protoporphyrin
is converted to heme, which is then oxidized to biliverdin.
It has been assumed by Moreno and Osorno (2003) that

allocating biliverdin pigments to the eggshell is costly for the
female, as they remove an important antioxidant from their
body in a time of need for antioxidants. This hypothesis as-
sumes that allocating biliverdin into the eggshell necessarily
reduces its availability in the circulation, and the circulating
biliverdin level positively correlates with plasma antioxidant
capacity.Nevertheless, to date,nostudyhas tested this assumption,
although the possible costs of eggshell pigmentation for the female
could differ depending on the origin of eggshell pigments. For
example, if eggshell pigments are derived from aging erythrocytes
or are synthesized in the shell gland, we do not expect that the al-
location of biliverdin into the eggshell would lower its availability in
thecirculationand thus compromise thegeneral antioxidant status
of the female bird as hypothesized byMoreno andOsorno (2003).
In addition, availability of biliverdin in the blood is probably not
limited, as biliverdin is continuously produced during the ca-
tabolism of heme of aged erythrocytes in the spleen and released
into circulation (Murray 2003). However, production of biliverdin
could entail costs even when it is synthesized in the shell gland,
such as regulation of gene expression and synthesis of enzymes



Eggshell Pigments and Their Origin in a Songbird 615
and carrier proteins involved in the process, as well as synthesis
and secretion of steroid hormones that stimulate pigment accu-
mulation in the shell gland (Yamada 1972; Soh and Koga 1994,
1997), which may all influence the oxidative status of the female.
Here, we experimentally studied the possible origin of

biliverdin- and protoporphyrin-based eggshell pigmentation
of domestic canaries (Serinus canaria). The canary is an ideal
model species for this study because it lays eggs that vary in
intensity of both blue-green and brown coloration, it can be
easily kept and bred in captivity, and it has a different evo-
lutionary history than the species studied so far (chickens,
ducks; e.g., Zhao et al. 2006; Liu et al. 2010; Wang et al. 2013).
It is important to distinguish biliverdin- and protoporphyrin-
based pigmentation, as the mechanisms determining them are
not necessarily the same. Eggshell structure differs between
nonpasserines and passerines (Board and Sparks 1991), and it
is possible that the mechanism of pigmentation process also
differs. To our knowledge, studies regarding the site of egg-
shell pigment synthesis were conducted within the group Gal-
loanserae (chickens, ducks; Hackett et al. 2008), but no studies
were performed within the group Neoaves (modern birds), al-
though most studies investigating the possible behavioral, phys-
iological, and mechanical functions of bird eggshell pigmen-
tation used modern bird species as models. Therefore, studies
investigating the physiological mechanisms and site of pig-
ment synthesis of several taxonomic groups of living birds are
needed. We examined whether eggshell blue-green and brown
pigmentations are associated with experimentally elevated ane-
mia, female hematocrit level, feces and plasma pigment levels, and
polychromatophilic erythrocyte (immature red blood cell) per-
centage during egg laying to find out the possible origin of eggshell
pigments. We also aimed to study whether plasma biliverdin and
protoporphyrin levels are correlated with plasma antioxidant ca-
pacity and the level of oxidative damage to investigate whether
maternal oxidative status could be connected to the pigment
level in the circulation. To the best of our knowledge, this study is
the first that examines the possible origin of eggshell pigments in
a songbird.
There may be three different possible origins of eggshell pig-

ments: (1) macrophages in the shell gland may engulf eryth-
rocytes and convert the heme into the pigments, (2) pigments
may be synthesized out of the shell gland (in the spleen, liver,
bone marrow, or circulating immature erythrocytes) and then
absorbed from the circulation by the cells of the shell gland, or
(3) pigments may be synthesized de novo in the cells of the shell
glandvia thedALApathway. In thefirst case,wepredict apositive
association between female hematocrit level during egg laying
and intensity of eggshell blue-green and brown pigmentations,
and we expect that experimentally induced anemia would cause
a reduction in eggshell pigmentation intensity due to the loss of a
large number of red blood cells. In the second case, we expect
a positive relationship between immature red blood cell per-
centage (representing red blood cell–producing activity of the
bonemarrow), plasma pigment level, feces pigment level during
egg laying, and intensity of eggshell blue-green and brown
pigmentations.We predict that anemia would increase the inten-
sity of brown eggshell coloration, as anemia stimulates eryth-
ropoiesis (Campbell and Ellis 2013), which could lead to elevated
plasma and feces protoporphyrin levels (Langer et al. 1972;
Piomelli et al. 1975). In the third case, we expect no positive as-
sociations between female hematocrit level, immature red blood
cell percentage, and plasma pigment level during egg laying and
intensity of eggshell blue-green andbrownpigmentations, andwe
do not expect a significant effect of experimentally induced ane-
mia on eggshell pigmentation.
Material and Methods

Animals and Housing Conditions

The experiment was conducted with 1–3-yr-old common do-
mesticated canaries obtained from commercial breeders, and
it was performed at Eötvös Loránd University, Budapest, Hun-
gary, fromMay to June 2014. Birds were kept under natural light
conditions supplemented with artificial light in a light cycle of
13L∶11D, which allows reproductive behavior. The birds were
kept at 237C during breeding. All birds were maintained on a
standard-quality diet for canaries (a mixture of grains: 60%
canary grass seed, 12% flax seed, 10% hulled oats, 7% rape
seed, 6% niger seed, 5% hemp seed; DaCapo Züchter Spezial;
Hesa, Himburg, Germany), from which they were given ca. 4 g
per day, supplemented with vegetables. Water, cuttlefish bone,
and grit were provided ad lib.
All females were identified with a numbered ring and kept

in individual wire cages (45 cm # 27 cm # 43 cm). Males
were individually kept out of the breeding period (cage size:
40 cm# 25 cm# 32 cm) but shared the cage of a female during
breeding. Cages were equipped with perches and a bath box. Each
cagewas visually separated from its neighbors by a pasteboard sheet,
but birds were in acoustic contact with each other. We studied the
secondclutches of canaries in the givenbreeding season. Birdswere
also included in a previous breeding experiment (Hargitai et al.
2016a), in which control birds of this experiment received anti-
oxidant supplementation and 31–51 d (mean: 42 d) elapsed be-
tween the termination of the supplementation and the be-
ginning of this experiment. The National Food Chain Safety
Office (NÉBIH) provided permissions for this study (PEI/001/
824-4/2015).
Experimental Design

Females were weighed with a Pesola spring balance (to the
nearest 0.1 g), and the length of their tarsus was measured
with a pair of callipers (to the nearest 0.1 mm) before the start
of the experimental treatment. Females had plumage of var-
ious colors (yellow, pink, red, brownish gray, melanized green).
Females were assigned to one of the two groups (14 treated
and 14 control birds) so that the average body mass, tarsus
length, distribution of age, and plumage color categories were
similar in the two groups. The cages of treated and control
females were placed next to each other to avoid any effect of the
cage location.
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In the treated group, blood samples (50–100 mL) were taken
from females every 3 d before the male was introduced and then
every 4 d until egg laying began. Blood was taken four to seven
times during a period of 12–22 d before egg laying began. Then,
blood was taken from both groups during or near egg laying (on
the day of laying the third egg:n p 13 nests; 2 d after clutch com-
pletion: n p 3 nests; 3 d after clutch completion: n p 8 nests; we
refer to these periods as “during egg laying”). Blood samples were
collected generally between 11:00 a.m. and 1:00 p.m., and blood
smears were prepared as well. Blood samples were collected into
heparinized capillaries, which were kept chilled until they were
centrifuged (usually within 3 h) with 10,000 g for 10 min. There
was one blood sample that hemolyzed, but excluding this data
point from the statistical models did not change our conclusions
(results not shown).
Plasma was separated and stored at2807C. Hematocrit was

measured following centrifugation with a ruler (to the nearest
0.5 mm), and it was calculated as capillary length occupied by
red blood cells divided by capillary length occupied by total
blood. In both groups, fresh feces samples were collected by
putting a nylon bag to the cage floor for 1–2 h, during which
time only the female was in the cage, and then the feces was
collected from the nylon bag into Eppendorf tubes. Feces was
collected on average 4.1 5 2.4 d (range: 1–10 d) before egg
laying began and during egg laying (see above) and was stored
at 2807C until later analysis.
After the fourth blood-sampling event in the treated group

(after 10 d from the first blood sampling), a woven wicker nest
pan with felt liner and nesting material were provided, and a
male bird was placed in the cage. After the male was intro-
duced, we gave 2 g of grated egg white to all females every 2 d.
Cages were checked daily to determine the initiation of egg
laying and the exact laying order of the eggs. The laying date
did not differ between the treated and the control females
(t p 0:80, df p 22, P p 0:43). Pair encounters were finished
when the clutch was complete. Females laid clutches of one to
four eggs (one egg: n p 8 nests; two eggs: n p 3 nests; three
eggs: n p 6 nests; four eggs: n p 7 nests). Clutch size did not
differ between the two groups (t p 20:16, df p 22, P p 0:87).
Eggs were numbered with a waterproof marker according to

laying order, and they were collected on the day of laying. Col-
lected eggs were temporarily replaced by plastic dummy eggs,
which had similar size and appearance to canary eggs. Eggs were
measured with a spectrophotometer (see below) on the day of
laying, and one egg per clutch (n p 9 first-laid eggs and n p 15
second-laid eggs) was collected for later eggshell pigmentation
analyses. Eggshells of opened eggs were rinsed with tap water,
drained, and allowed to dry in room temperature. Eggshells were
then put into a microwave oven for 5 min to dry them before
weighingandwere storedat2207C in thedarkuntil later analyses.
Eggshell Spectrophotometric Analysis

Eggshell color was measured using a portable USB4000 spec-
trometer (Ocean Optics, Largo, FL) with a bifurcated fiber-
optic probe (QR400-7-SR-BX; Ocean Optics) and a DH-2000
deuterium-halogen light source (Ocean Optics) on three back-
ground and three spotted areas. We used OOIBase32 software
(Ocean Optics) to record the reflectance spectra. The sampling
optic was held perpendicular and at a distance of 3 mm from
the eggshell surface. Reference calibration was performed with
a white WS-1-SS diffuse reflectance standard (Ocean Optics)
after every egg. We calculated blue-green chroma as (R480 nm 2
R370 nm)=R480 nm, because the eggshell spectra showed peak re-
flectance at 480 nm and lowest reflectance at 370 nm (Hargitai
et al. 2016a), which corresponds to the absorption spectra of
biliverdin (Singleton and Laster 1965). This calculationmethod
(Rmax 2 Rmin)=Rmax is also frequently applied for the carotenoid-
based yellow chroma of plumage (Johnsen et al. 2003; Peters et al.
2008) andwas also applied in a previous study on canary eggshell
coloration (Hargitai et al. 2016a). Brown chroma was calculated
as R6002700 nm=R3202700 nm, as protoporphyrin reflects the light
at this spectrum region (König and Meyer 1992), while bili-
verdin has a reflectanceminimumaround 660 nm (Singleton and
Laster 1965). Therefore, a higher level of the ratio R6002700 nm=

R3202700 nm indicates more protoporphyrin pigment in the egg-
shell. Spots were selected that were large enough to be measured
by the probe of the spectrophotometer. Mean values were cal-
culated by averaging the measurements of three background and
three spot areas (Hargitai et al. 2016a).
Eggshell Pigment Analysis

Biliverdin and protoporphyrin pigment concentrations were
determined from one eggshell per clutch. Eggshell samples
were weighed and then ground in an agate mortar for 2–3 min
until the eggshell became a fine powder. Then, ca. 0.01 g of the
ground eggshell (representing ca. 10% of the whole eggshell)
was put into a centrifuge tube. We used two samples from one
eggshell: one (normal) solubilized by adding 750 mL of formic
acid and 13.3 mL of dimethyl sulfoxide and the other (spiked)
solubilized by adding 750 mL of formic acid and 13.3 mL of
100-mg/mL standard (biliverdin-hydrochloride and proto-
porphyrin) solution in dimethyl sulfoxide. In later analyses,
we followed the same steps with both samples. Samples were
sonicated for 10 min. Then, eggshell proteins were precipi-
tated by adding 1.24 mL of ethyl acetate and vortexing for 30 s.
The samples were then centrifuged for 5 min at 5,500 rpm. A
1.5-mL aliquot of the resulting supernatant (ethyl acetate and
formic acid) was evaporated under a gentle stream of nitrogen.
The residue was redissolved in 190 mL of dimethyl sulfoxide.
After vortex shaking for 30 s, the samples were transferred
into a 1.5-mL autosampler vial.
Reversed-phase high-performance liquid chromatography

was performed using an HP 1050 system (Hewlett-Packard,
Palo Alto, CA), which was controlled using ChemStation
A10.02 software (Agilent, Santa Clara, CA), with an Agilent
Eclipse XDB-C18 liquid chromatography column (100 mm#
4.6 mm, 3.5 mm). A 5-mL sample was injected onto the column
and eluted with a gradient starting at 60% for 0.05% (v/v)
trifluoroacetic acid in Direct-Q water (eluent A) and 40% for
acetonitrile (eluent B). This composition was kept for 0.2 min,
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after which it was changed to 100% B in 4.8 min. This final
composition was maintained for 2.5 min. The flow rate was
1.0 mL/min, and the column was held at 507C. The detection
wavelength was 384 nm for the first 5 min (for biliverdin) and
400 nm afterward (for protoporphyrin). Peaks were identified
and quantified by comparisons with retention times and peak
areas of reference materials (biliverdin-hydrochloride and pro-
toporphyrin; Frontier Scientific, Logan, UT). The results are ex-
pressed as micrograms per gram of eggshell.
Plasma OXY Test

Total plasma antioxidant capacity was measured by the OXY-
adsorbent test (Diacron, Grosseto, Italy) within 4 mo of blood
collection, during which storage period no considerable re-
duction in OXY level is expected (Hargitai et al. 2016c). The
OXY test measures the ability of the antioxidant compounds
of the plasma (e.g., carotenoids; vitamins A, C, and E; proteins;
thiols) to cope with the oxidizing action of hypochlorous acid
(HOCl). First, 2 mL of plasma was diluted 1∶100 with distilled
water. Then, 200 mL of HOCl solution was pipetted into the
wells of a microplate and 2 mL of the diluted samples was
added to each well. The microplate was then incubated at 377C
for 10 min with continuous shaking of medium intensity.
After that, 2 mL of a chromogenic mixture was added to the
wells. The alkyl-substituted aromatic amine solubilized in the
chromogen was oxidized by the residual HOCl of the solution
and thus transformed into a pink derivative. Accordingly, the
intensity of the pink color was inversely related to the total
antioxidant capacity of the plasma. After 5 min of shaking, the
absorbance was read by a spectrophotometer (BioTek ELX808
with Gen5 software) at 540 nm. Absorbances were compared
to those of a dilution series of a calibrator (stabilized protein
solution). Samples were tested in duplicates (mean intra-assay
coefficient of variation [CV] of plasma samples p 1:7%; intra-
assay repeatability of plasma samples: r p 0:99, F81, 82 p 182:13,
P < 0:001; interassay repeatability of calibrators: r p 0:33,
F2, 72 p 13:50, P < 0:001; Lessells and Boag 1987), and results
were expressed as millimolars HOCl neutralized.
Plasma ROM Test

We measured the plasma level of reactive oxygen metabolites
(ROMs, primarily hydroperoxides [ROOH]) by the d-ROM
assay (Diacron), which is a reliable assay for the quantification
of plasma oxidative damage (Costantini 2016). ROMs are in-
termediate oxidative damage compounds, which are generated
by the peroxidation of biological macromolecules (lipids, pro-
teins, nucleic acids) by reactive oxygen species (Halliwell and
Gutteridge 2007). Plasma samples were analyzedwithin 2moof
blood collection. First, we mixed the reagents (chromogenic
mixture [aromatic alkyl-amine] and acetate buffer) in a 1∶100 ra-
tio and added 200 mL of this solution to Eppendorf tubes; we
added 5 mL of plasma to the reagent mix in the Eppendorf tubes.
Samples were then incubated in a water bath at 377C for 75min
with shaking. Iron and copper ions are released from plasma
proteins in the presence of the acidic buffer, and alkoxyl and per-
oxyl radicals are generated from hydroperoxides. These highly
reactive prooxidant compounds oxidize the aromatic alkyl-amine
and transform it into a pink derivative. Thus, the intensity of the
pink color is directly proportional to the concentration of ROMs
in the sample. Precipitates (lipids, proteins) were present in the
solution, so all samples were centrifuged for 2 min at 10,000 rpm
after incubation, including the calibrator and the blank. Then,
190 mL of the clear solution was transferred to the wells of a mi-
croplate. Absorption was read immediately with a microplate
spectrophotometer (BioTek ELX808 with Gen5 software) at
490 nmand compared to those of a dilution series of a calibrator
(lyophilized serum).We did not use duplicates, as the CV of the
sampleswasvery low(mean intra-assayCVofplasmasamplesof
great tits [Parus major] analyzed by the same protocol p 2:4%;
see also Iamele et al. 2002; intra-assay repeatability of plasma
samples of great tits analyzed by the same protocol: r p 0:97,
F50, 51 p 72:57,P < 0:001; interassay repeatability of calibrators:
r p 0:99, F2, 36 p 1, 456:3, P < 0:001; Lessells and Boag 1987).
Plasma ROM concentration is expressed as millimolars of hy-
drogen peroxide equivalents.
Plasma Pigment Analysis

A Waters Alliance 2695 high-performance liquid chromato-
graph (Waters, Milford, MA) equipped with a Cortecs C18
4.6 # 100-mm, 2.7-mm column (Waters) and an inline filter
of 2 mm diameter was used for the determination of plasma
biliverdin and protoporphyrin concentrations. Data acquisi-
tion and evaluation were performed using Empower 2 soft-
ware. First, 10 mL of plasma was mixed with 990 mL of ethyl
acetate containing 0.1% (v/v) trifluoroacetic acid and 10 mL of
dimethyl sulfoxide. The mixture was vortexed for 5 s and cen-
trifuged for 5 min at 10,000 rpm. Then, the ethyl acetate was
evaporated under a gentle stream of nitrogen. The residue was
redissolved in 190 mL of dimethyl sulfoxide. After vortex shaking
for 10 s, the samples were transferred into a 1.5-mL amber glass
vial with a 200-mL insert for chromatographic measurement. For
the determination of the target compounds, a gradient elution
was used with a flow rate of 1 mL/min. The initial composition
was 70% MilliQ water containing 0.1% (v/v) trifluoroacetic acid
(eluent A) and 30% acetonitrile containing 0.1% (v/v) trifluoro-
acetic acid (eluent B). This composition was kept for 2 min and
was then increased to 95% eluent B in 6minwith a linear gradient.
Thisfinal compositionwasmaintained for 2min. The columnwas
held at 507C. Protoporphyrin fluorescence was measured at ex-
citation and emission wavelengths of 394 and 598 nm, while
biliverdinwasdetectedat376nmwithaphotodiodearraydetector.
Injection volume was 20 mL. The results are expressed as nano-
grams permilliliter of plasma. Limit of quantificationwas 20 ng/mL
for protoporphyrin and 1 mg/mL for biliverdin.
Feces Pigment Analysis

AWaters Alliance 2695 high-performance liquid chromatograph
(Waters) equippedwith aZorbaxEclipse PlusC18 4.6# 100-mm,
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5-mm column (Agilent) and an inline filter of 2 mm diameter was
used for the determination of feces biliverdin and protoporphyrin
concentrations. Data acquisition and evaluation were performed
usingEmpower2 software.Approximately0.1gof the feces sample
was weighed with an analytical balance and dried in a desiccator
containing silica gel for 48h. The one-third of thedried samplewas
vortexed for 60 s in a centrifuge tube with 400 mL of ethylenedi-
aminetetraacetic acid and 1,000 mL of ethyl acetate containing 1%
(v/v) trifluoroacetic acid. The resulting mixture was sonicated for
10 min at 457C and then centrifuged for 20 min at 5,500 rpm. An
aliquot of 800mL fromtheupperphasewas transferred into a4-mL
amber glass vial. Another 1,000 mL of ethyl acetate containing 1%
(v/v) trifluoroacetic acid was added to the remainingmixture, and
theextractionprocedurewas repeated.Analiquotof 1,000mL from
the upper phase was combined with the previous extract and
evaporated to dryness under gentle nitrogen stream at ambient
temperature. Then, 250 mL of dimethyl sulfoxide was added to the
vial and sonicated for 2 min to facilitate the redissolution of the
analytes. Finally, the mixture was transferred into a 1.5-mL amber
glass vial with an insert for chromatographic measurement. For
the determination of feces protoporphyrin and biliverdin, gradi-
ent elution was used with a flow rate of 1 mL/min. The initial
composition was 70% MilliQ water containing 0.05% (v/v)
trifluoroacetic acid (eluentA) and 30%acetonitrile (eluent B). This
composition was maintained for 2 min, after which eluent B was
increased to 95% in 6 min with a linear gradient. This final
composition was kept for 2 min. The column was held at 407C.
Protoporphyrin was measured at a wavelength of 398 nm, while
biliverdin was measured at 376 nm. Injection volume was 10 mL.
The results are expressed as micrograms per gram of dry feces.
Blood Smear Analysis

Blood smearswereair-dried andfixed inmethanolonthe sameday
of collection and later dyed with Giemsa stain. Polychromatophil
erythrocyte (immature red blood cell) percentage was determined
in blood smears under a magnification of#1,000 with oil immer-
sion by the same person (R. Hargitai). Polychromatophils are pres-
ent in higher numbers during red blood cell production (eryth-
ropoiesis; Campbell and Ellis 2013). Polychromatophil number
wascounted infivefields (ca. 1,000 redbloodcells), and the average
numberofredbloodcellsperfieldwasalsoestimated(Wagneretal.
2008b). Polychromatophil erythrocyte percentage reflects the
numberof immature redblood cells divided by the number of total
red blood cells in the observed fields. Seven blood smears were
examined twice to determine the intraobserver repeatability of
polychromatophil percentage, and it was significantly repeatable
(r p 0:94, F6, 7 p 31:96, P < 0:001; Lessells and Boag 1987).
Statistical Analyses

We tested the effect of repeated blood-sampling treatment on
female physiological variables (hematocrit level, plasma pro-
toporphyrin concentration, feces biliverdin and protoporphyrin
concentration, polychromatophil percentage) during egg laying
by Student’s t-tests. Plasma protoporphyrin concentration and
feces biliverdin and protoporphyrin concentrations were log
transformed because these variables had right-skewed distribu-
tions.Wealso tested the relationships among femalephysiological
variables during the egg-laying period (hematocrit level, plasma
protoporphyrin concentrations, feces protoporphyrin and bili-
verdin concentrations, polychromatophil percentage, female
OXY andROM levels), including treatment as fixed factor, and its
interaction with the predictor variable in general linear models.
As the interaction between treatment and the predictor variable
was nonsignificant in all cases, we did not report its effects.
We tested the effects of treatment and female physiological

variables during egg laying on eggshell coloration by applying
a general linear mixed model with cage identity as a random
factor and eggshell coloration of the first breeding event and
egg-laying order as fixed covariates. Data from females from
both groups (control and treated) were used in these analyses.
We used two separate models for both eggshell pigmentation
variables to avoid collinearity among predictor variables. For
eggshell blue-green chroma, we used the following predictor
variables: (1) hematocrit level and feces biliverdin concentra-
tion and (2) treatment and polychromatophil percentage. For
eggshell brown chroma, we used the following predictor var-
iables: (1) hematocrit level and feces protoporphyrin concen-
tration and (2) treatment, polychromatophil percentage, and
plasma protoporphyrin concentration.
We also tested the association between the clutch mean of

eggshell coloration and the difference in female plasma pro-
toporphyrin and feces biliverdin and protoporphyrin con-
centrations between the prelaying (last blood sampling before
egg laying) and egg-laying (days between the two events: 3–
12 d; mean: 6.8 d) periods with general linear models. In the
first model, the difference in feces biliverdin level between the
prelaying and laying periods was the dependent variable and
the clutch mean of eggshell average blue-green chroma was
the independent variable. In the second model, the difference
in feces protoporphyrin level between the prelaying and laying
periods was the dependent variable and the clutch mean of
eggshell average brown chroma was the independent variable.
In the third model, the difference in plasma protoporphyrin
level between the prelaying and laying periods was the depen-
dent variable and the clutch mean of eggshell average brown
chroma was the independent variable.
In all general linear models, backward stepwise selection

procedure was employed, removing nonsignificant variables
from the model one by one in decreasing order of P. To
avoid nonsignificance due to overparameterization, nonsig-
nificant variables were reintroduced to the final model one
by one, and these F and P values were presented (Hegyi and
Laczi 2015). This method mitigates parameter estimation
bias of classical stepwise model selection (Hegyi and Laczi
2015). We calculated standardized effect sizes as R pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(F # df1)=((F # df1)1 df2)

p
(McNeil et al. 1996). Analyses

were performed in STATISTICA 5.5 (StatSoft, Tulsa, OK) and
SPSS 19.0 (Chicago).
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Results

Effects of Repeated Blood-Sampling Treatment on Female
Physiological Variables

Females that were repeatedly bled had lower hematocrit levels
during the egg-laying period as compared to control birds
(table 1). However, repeated blood-sampling treatment caused
no significant differences in polychromatophil percentage, pro-
toporphyrin concentration in plasma and feces, and biliverdin
concentration in feces during the egg-laying period between
treated and control females (table 1).
Correlations among Female Physiological Traits

We found that circulating protoporphyrin concentration was
positively related to feces protoporphyrin concentration dur-
ing egg laying (F1, 21 p 11:08, P p 0:003, b p 0:59). Feces
biliverdin concentration was not related to feces protopor-
phyrin concentration during egg laying (F1, 21 p 0:24, P p
0:63). Hematocrit level during egg laying did not correlate
with feces biliverdin concentration (F1, 20 p 0:09, P p 0:77),
feces protoporphyrin concentration (F1, 20 p 1:44, P p 0:24),
plasmaprotoporphyrin concentration (F1, 20 p 0:22,P p 0:64),
and polychromatophil percentage (F1, 17 p 0:16, P p 0:69)
during egg laying. Polychromatophil percentage was not sig-
nificantly related to plasma protoporphyrin level (F1, 19 p 0:72,
P p 0:41).
We found that females with a higher circulating proto-

porphyrin level had better plasma antioxidant capacity (OXY:
F1, 22 p 8:62, P p 0:008, b p 0:53; fig. 1), but the level of oxi-
dative damage (ROM) was not related to plasma protoporphyrin
concentration (F1, 21 < 0:001, P p 0:99). Feces protoporphyrin
concentration was unrelated to female plasma OXY level
(F1, 21 p 1:62, P p 0:22) and ROM level (F1, 20 p 0:27, P p
0:61). As the level of biliverdin was below the limit of quantifi-
cation (1 mg/mL) in the canary plasma, we could not test its
associations with OXY and ROM levels. However, we tested
the associations between feces biliverdin concentration and fe-
male oxidative status, and both relationships were nonsignificant
(OXY: F1, 22 p 0:14, P p 0:71; ROM: F1, 21 p 1:37, P p 0:26).
Eggshell Pigmentation and Female Traits during Egg Laying

Eggs were laid by 11 control and 13 treated females. Eggshell
average blue-green chroma showed a significant positive cor-
relation with eggshell biliverdin concentration (r p 0:55, n p
23, P p 0:007). Eggshell average brown chroma strongly posi-
tively correlated with eggshell protoporphyrin concentration
(r p 0:78, n p 23, P < 0:001). Average blue-green chroma and
brown chroma were negatively correlated (r p 20:33, n p 59,
P p 0:012).
Eggshell blue-green chroma was unrelated to repeated blood-

sampling treatment, female hematocrit level, feces biliverdin
concentration, and polychromatophil percentage during egg
laying (table 2). Eggshell brown chroma was unrelated to blood-
sampling treatment, female hematocrit level, and polychroma-
tophil percentage during egg laying (table 2). We found that
plasma (fig. 2) and feces protoporphyrin concentrations (fig. 3)
significantly negatively correlated with eggshell brown chroma
(table 2). We found a positive correlation in eggshell blue-
green chroma between the first and second clutches (table 2)
and in eggshell brown chroma between the first and second
clutches (table 2).
In addition, we analyzed whether the change in plasma and

feces pigment levels between the prelaying and laying periods
were connected to the intensity of eggshell pigmentation, but
we found no significant associations for either blue-green
eggshell chroma (difference in feces biliverdin level:F1, 20 p 0:69,
P p 0:42) or brown eggshell chroma (difference in plasma
protoporphyrin level: F1, 9 p 0:02, P p 0:90; difference in feces
protoporphyrin level: F1, 19 p 0:11, P p 0:74).
Discussion

Biliverdin and protoporphyrin pigments are deposited into
the eggshell when the egg is in the shell gland (Poole 1967;
Baird et al. 1975; Soh et al. 1993), but the site of synthesis of
eggshell pigments of passerine birds is not known. Eggshell
pigments may be converted from the heme of red blood cells
that are engulfed by the cells of the shell gland. In this case, we
predicted a positive correlation between female hematocrit
Table 1: Effects of repeated blood-sampling treatment on female physiological variables during egg laying in the canary and the
mean and SD values of control and treated groups
Control group
 Treated group
Blood-sampling treatment
 t
 df
 P
 Mean/median
 SD/QR
 Mean/median
 SD/QR
Hematocrit (%)
 2.88
 21
 .009
 .43
 .04
 .39
 .03

Feces biliverdin level (mg/g)
 .44
 22
 .66
 66.33a
 81.03a
 55.93a
 36.60a
Feces protoporphyrin level (mg/g)
 .31
 21
 .76
 5.65a
 5.65a
 4.67a
 2.63a
Plasma protoporphyrin level (ng/mL)
 1.24
 22
 .23
 38.49a
 48.41a
 33.58a
 21.50a
Polychromatophil erythrocyte (%)
 2.73
 19
 .47
 3.41
 2.04
 4.09
 2.17
Note. Plasma protoporphyrin concentration and feces biliverdin and protoporphyrin concentrations were log transformed before statistical analyses, but we
present their untransformed median concentration and quartile range (QR) values here. Analyses were performed with Student’s t-tests.

aThe median and the quartile range are presented.
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level and intensity of eggshell blue-green and brown pigmen-
tations, and we expected that treatment would cause a re-
duction in eggshell pigmentation intensity. It is also possible
that pigments are produced in other organs (liver, spleen, bone
marrow) and then transferred via the circulation to the shell
gland. In this case, we predicted a positive correlation between
immature red blood cell percentage, plasma pigment level,
feces pigment level, and intensity of eggshell blue-green and
brown pigmentations, and we expected that treatment would
have a positive effect on eggshell pigmentation as well. More-
over, we expected a relationship between the change in cir-
culating and feces pigment levels between the prelaying and
laying periods and the intensity of eggshell pigmentation.
Third, eggshell pigments may be synthesized de novo in the
cells of the shell gland via the dALA pathway. In this case, we
predicted no positive correlations between female hematocrit
level, immature red blood cell percentage, and plasma pigment
level and intensity of eggshell blue-green and brown pigmen-
tations, and we did not expect a significant effect of our
treatment on eggshell pigmentation.
Effects of Repeated Blood-Sampling Treatment on Female
Physiological Variables

We found that repeated blood-sampling treatment increased
anemia, but it had no significant influence on polychroma-
tophil percentage, suggesting that red blood cell–producing
activity of the bone marrow was not elevated. Similarly,
plasma and feces levels of protoporphyrin were not increased
by our treatment, which could also be related to the lack of
increase in immature red blood cell count in the circulation. In
the process of erythropoiesis (red blood cell formation), poly-
chromatophil erythrocytes develop and mature in the bone
marrow and then circulate for 1–2 d in the bloodstream before
developing into mature red blood cells (Campbell and Ellis
2013). The number of polychromatophil erythrocytes is a
good indicator of the red blood cell–formation activity of the
bone marrow because it represents recent production. Anemia
Figure 1. Relationship between female plasma protoporphyrin con-
centration (ng/mL; lg-transformed) during egg laying and plasma to-
tal antioxidant capacity (OXY) in the canary (b p 0:53, P p 0:008).
Table 2: Relationships between blood-sampling treatment and female physiological variables during egg
laying and eggshell average blue-green and brown chroma in the canary
Chroma and predictor variables
 F
 df
 P
 R
Blue-green chroma:

Hematocrit level
 .06
 1, 55.00
 .82
 .03

Feces biliverdin level
 .75
 1, 55.00
 .39
 .12

Egg-laying order
 1.16
 1, 55.00
 .29
 .14

Blue-green chroma (first breeding)
 4.82
 1, 55.00
 .032
 .28
Blue-green chroma:

Blood-sampling treatment
 1.02
 1, 55.00
 .32
 .13

Polychromatophil percentage
 .13
 1, 55.00
 .72
 2.05

Egg-laying order
 .71
 1, 55.00
 .40
 .11

Blue-green chroma (first breeding)
 7.64
 1, 55.00
 .008
 .35
Brown chroma:

Hematocrit level
 .001
 1, 17.82
 .98
 .01

Feces protoporphyrin level
 8.87
 1, 18.22
 .008
 2.57

Egg-laying order
 1.44
 1, 46.85
 .24
 2.17

Brown chroma (first breeding)
 4.93
 1, 27.75
 .035
 .39
Brown chroma:

Blood-sampling treatment
 .37
 1, 55.02
 .37
 .08

Polychromatophil percentage
 .62
 1, 55.01
 .43
 .11

Plasma protoporphyrin level
 9.75
 1, 55.00
 .003
 2.39

Egg-laying order
 1.39
 1, 55.01
 .24
 2.16

Brown chroma (first breeding)
 4.72
 1, 55.00
 .034
 .28
Note. Analyses were performed with general linear mixed models. Standardized effect sizes were calculated as R pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(F # df1)=((F # df1)1 df2)

p
(McNeil et al. 1996).
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generally results in an increased erythropoiesis to compensate
for the reduced number of erythrocytes (Campbell and Ellis
2013). In this case, the proportion of polychromatophil eryth-
rocytes (immature red blood cells) often increases (Campbell
and Ellis 2013), and this increase generally peaks 4–7 d after
the inductionofanemia(FernandezandGrindem2006).However,
it has been proposed that erythropoiesis is transiently suppressed
during reproduction, probably through estrogen hormone (Wagner
et al. 2008a), and therefore the recovery from anemia is rela-
tively slow (Wagner et al. 2008b; Willie et al. 2010). This transient
inhibition could explain why our repeated bleeding treatment did
not activate the red blood cell–formation activity in the bone
marrow of female birds.
Correlations among Female Physiological Traits

We found that plasma protoporphyrin concentration was not
related to plasma level of oxidative damage of the female, but it
showed a positive correlation with plasma antioxidant capac-
ity. A high level of protoporphyrin may stimulate an increase
in the capacity of the antioxidant defense system (Afonso et al.
1999), and this could be the reason why plasma protopor-
phyrin concentration correlated positively with plasma OXY
level. We did not find significant relationships of feces pro-
toporphyrin and biliverdin concentrations with plasma oxi-
dative status. In chickens, biliverdin concentration in serum
was 3–7 mmol/L (Zhao et al. 2006), but in the canary, the
plasma biliverdin level was lower than the limit of quantifi-
cation of our method (< 1 mg=mL p 1:7 mmol/mL); therefore,
we could not test its associations with OXY and ROM levels.
Eggshell Pigmentation and Female Traits during Egg Laying

We found that repeated bleeding treatment, which elevated
anemia and hematocrit level during egg laying, had no sig-
nificant effects on intensity of eggshell blue-green and brown
pigmentations in the canary. The lack of these associations
suggests that the hypothesis that erythrocytes are engulfed in
the shell gland and their heme is converted to eggshell pig-
ments is less likely. In addition, we found no associations be-
tween female feces biliverdin concentration during egg laying
and intensity of eggshell blue-green pigmentation, suggesting
that eggshell biliverdin may not originate from biliverdin
produced in the spleen or liver. Furthermore, we found no
significant connections between the change in plasma and
feces pigment levels between the prelaying and laying periods
and the intensity of eggshell blue-green and brown pigmen-
tations. This result also suggests that eggshell pigments are not
derived from the circulation. Thus, our data suggest that bili-
verdin is synthesized de novo in the cells of the shell gland in
the canary, similarly as proposed for poultry (Zhao et al. 2006;
Wang et al. 2009, 2011).
Moreno and Osorno (2003) suggested that female birds may

compromise their antioxidant capacity by depositing biliver-
din, a potent antioxidant, into the eggshell. According to the
SSEC hypothesis (Moreno and Osorno 2003), only females
with good antioxidant capacity could afford to allocate high
levels of biliverdin into the eggshell, and thus they signal their
good quality to their mate so that he increases his parental
care (Moreno et al. 2006; Soler et al. 2008; English and Mont-
gomerie 2011). In this study, we found no evidence that
eggshell biliverdin could be derived from the circulation, but
our study together with some previous work on poultry (Zhao
et al. 2006; Wang et al. 2009, 2011) suggests that the shell
gland is the most likely site of biliverdin synthesis. In this case,
the question arises as to how eggshell biliverdin concentration
could signal female quality and condition. There may be sev-
eral possibilities.
For instance, estrogen and progesteronewere shown to increase

theaccumulationofpigments in the shell gland(Yamada1972; Soh
andKoga1994, 1997), andprostaglandin could induce secretionof
pigments in the shell gland (Soh andKoga 1999). It is possible that
the synthesis and secretion of these hormones are affected by the
general condition andoxidative status of the female bird, as steroid
hormones may elevate the oxidative stress level (Dabrosin et al.
1998; von Schantz et al. 1999;Wassman et al. 2005). Furthermore,
Figure 3. Relationship between female feces protoporphyrin con-
centration (mg/g; lg-transformed) during egg laying and eggshell
average brown chroma in the canary (R p 20:57, P p 0:008).
Figure 2. Relationship between female plasma protoporphyrin con-
centration (ng/mL; lg-transformed) during egg laying and eggshell
average brown chroma in the canary (R p 20:39, P p 0:003).
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the gene expressions of carrier proteins that export pigments out of
the cell membranes (e.g., ABCG2 in the case of protoporphyrin;
Samiullah et al. 2015) may be affected by factors related to the
condition of the female bird. In addition, the gene expression and
the synthesis and activity of enzymes and proteins related to the
molecular conversions in the pigment synthesis pathway may be
influenced by the condition and oxidative status of the female
bird or may have some oxidative costs (e.g., by inhibiting genes
connected to antioxidant defense), which may limit the pigment
synthesis of females of lower quality.
In the catabolism of heme to biliverdin, HO is the rate-

limiting enzyme (Maines 1988; Murray 2003; Kikuchi et al.
2005). HO is suggested to function to protect the cells against
oxidative damage by reducing the amount of heme and pro-
toporphyrin and increasing the amount of biliverdin (Stocker
1990; Choi and Alam 1996; Morse and Choi 2002). Prooxi-
dants may stimulate HO gene expression and thus increase the
degradation of heme to biliverdin (Choi and Alam 1996;
Schipper 2004). Moreover, erythrocyte degradation can be
increased in oxidative stress and energy depletion (Lang et al.
2012). These findings suggest that females with a higher level
of oxidative stress and a lower level of energy would generate a
higher amount of biliverdin. However, an opposite pattern
was usually observed for eggshell biliverdin, as female birds in
better condition and with better antioxidant capacity laid eggs
with more intense blue-green coloration (Moreno et al. 2006;
Siefferman et al. 2006; Morales et al. 2011; Butler and McGraw
2013; Hargitai et al. 2016a). If circulating biliverdin, which is
produced mainly in the spleen (Murray 2003), inhibits by
some negative feedback mechanism the production of bili-
verdin in the cells of the shell gland, it could provide a possible
explanation for the effect of antioxidant availability and body
condition on eggshell blue-green color intensity. Further stud-
ies are necessary to test this hypothesis.
For protoporphyrin pigment, we found no significant pos-

itive associations between plasma protoporphyrin level, feces
protoporphyrin level, polychromatophil percentage during egg
laying, and the intensity of brown eggshell pigmentation. There-
fore, we consider it less likely that eggshell protoporphyrin pig-
ment is synthesized in the liver or in immature erythrocytes.
Similarly, in the great tit, polychromatophil percentage had no
significant effect on the protoporphyrin-based eggshell pigmen-
tation (De Coster et al. 2012). However, we found significant
negative associations of plasma and feces protoporphyrin con-
centrations during egg laying with the intensity of eggshell brown
pigmentation. This result suggests that an increased produc-
tion of protoporphyrin in the liver, which could have elevated
plasma and feces protoporphyrin concentrations (Langer et al.
1972; Piomelli et al. 1975), could inhibit eggshell protoporphyrin
pigmentation. Increased levels of plasma and feces protopor-
phyrin could primarily be due to limitation in iron or presence
of toxic metals or infections (Langer et al. 1972; Piomelli et al.
1975; Casini et al. 2003). A higher level of protoporphyrin in the
circulation may have inhibited the activity of enzymes in the
synthesis pathway of protoporphyrin in the shell gland, similarly
as heme inhibits the activity ofALA synthase (Murray 2003), or it
may have stimulated ferrochelatase enzyme activity in the shell
gland, thus converting protoporphyrin into heme. It might also
be possible that there was a negative relationship between feces
protoporphyrin concentration and intensity of eggshell brown
pigmentation because the remaining pigments in the uterus
fluid were excreted with feces. Further investigations are needed
to examine these hypotheses.
De Coster et al. (2012) reported that in great tits the within-

clutch increase in eggshell brown spot darkness was attenu-
ated in clutches laid by females with higher bloodsucking
ectoparasite abundance, suggesting that mature red blood cells
could be important sources for eggshell protoporphyrin pig-
mentation. In contrast, based on our results, we suggest that
increased anemia could act through elevating protoporphyrin
production in the liver and thereby increasing the plasma
protoporphyrin level, which may negatively affect the syn-
thesis of protoporphyrin in the shell gland and thus decrease
eggshell brown coloration. Hence, our results are in concor-
dance with those of De Coster et al. (2012), although we pro-
pose a different explanation.We suggest that both pigments are
produced in the shell gland, but the plasma level of pigments
may inhibit shell gland pigment synthesis, thus connecting
the physiological status of the female to eggshell coloration.
Further studies are needed to investigate how circulating pig-
ment levels could influence the pigment synthesis process in
the shell gland and how this process could be connected to
maternal condition and oxidative status.
Our results suggest that eggshell biliverdin and protopor-

phyrin pigments are synthesized de novo in the shell gland
and not derived from the circulation, which is similar to the
results found in poultry (Zhao et al. 2006; Wang et al. 2009,
2011). Thus, we may hypothesize that it is a common trait in
bird species, although more studies including birds of dif-
ferent families and egg characteristics are needed to generalize
these findings. We encourage more research in this respect
with more avian species from different evolutionary lineages.
In our study, we did not sacrifice animals, but a study inves-
tigating the pigment concentrations, level of gene expressions,
and activity of relevant enzymes within the shell gland of
reproducing birds of different species would further broaden
our knowledge of the process of eggshell pigmentation. The
origin of eggshell pigments may also determine which genes
could be under selection in the evolution of eggshell colora-
tion. Moreover, our data may have implications on how brood
parasites evolved a mimetic eggshell coloration (Davies 2000),
suggesting that the pigment synthesis activity of their shell
glands, which probably became similar to that of the host spe-
cies, could be under selective pressure. The broader ecological
relevance of the study includes the idea that if avian eggshell
pigments are produced in the shell gland, then any hypothesis
concerning the possible costs, influential factors, and evolu-
tionary processes of eggshell coloration should take this find-
ing into consideration to avoid false conclusions.
Ancestral eggs were most probably white and immaculate

(Kilner 2006), but today eggshell color is present in several
bird families, implying that it has some adaptive value. The
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nature of the selective agent could be multiple (predators,
brood parasites, exposure to direct sunlight, low availability of
calcium, need for male parental care; Kilner 2006; Reynolds
et al. 2009; Maurer et al. 2011) and could be affected by the
ecology and behavior of the given species. Studies investi-
gating how environmental, social, and physiological traits and
phylogenetic origin may influence the pigment-producing
activity of the shell gland should also be important to gain
knowledge on the proximate causes of inter- and intraspecific
variation in avian eggshell pigmentation. We believe that our
results may trigger further studies that may expand our un-
derstanding of the mechanisms determining avian eggshell
coloration.
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