162

e RS RALAS

A Asian-Aust. J. Anim. Sci.

Vol. 23, No. 2: 162 - 168
February 2010

www.djas.info

Eggshell Pigmentation Study in Blue-shelled and White-shelled Ducks
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ABSTRACT : This study attempted to clarify the difference in eggshell pigmentation between blue-shelled ducks (BSD) and white-
shelled ducks (WSD). The eggshell pigmentation deposition process is discussed. Ultraviolet spectro-photometer and HPLC were used
to determine the biliverdin concentration in the shell gland, uterus liquid and eggshell at 6, 12, 18, 20, 23.5 h post-oviposition. The
biliverdin concentration in the eggshell and uterus fluid showed significant differences between BSD and WSD, but not in the shell
gland. The heme oxygenase activity in the shell gland of both kinds of ducks remained mostly constant during the ovulatory cycle with
no varation. The assay of exogenous biliverdin injection into the shell gland antrum in the WSD indicated that exogenous biliverdin
could be deposited continuously into the eggshell until the source was exhausted. A layer-by-laver dissolution assay was used to
examine the eggshell pigment deposition process. The biliverdin concentration in the first to sixth layers of the eggshell in the BSD was
significantly higher than that in the white-shelled counterpart. The blue pigment concentration increased persistently from the 6™ layer to
the 1" layer. The BSD eggshells did not accumulate a large quantity of biliverdin in the most external layer. They tended to increase the
deposition layer by layer. Our results demonstrated that different BSD and WSD eggshell colors were influenced by the amount of
biliverdin in the uterus fluid and not determined by the amount of biliverdin in the shell gland. This implies the existence of a
mechanism that controls biliverdin transportation from the shell gland into the uterus fluid, thereby playing a key role in regulating duck

eggshell color. (Key Words ; Eggshell Pigmentation, Biliverdin, Blue-shelled Duck, Uterus Liquid)

INTRODUCTION

Avian eggshell pigmentation is a complex process
involving two types of pigments. biliverdin and
protoporphyrines. Biliverdin. a green pigment. is a
byproduct of hemoglobin breakdown and will eventually
display a blue or green color in the eggshell
Protoporphyrines, in contrast to biliverdin, is an immediate
precursor of the heme molecule, and will give eggshells a
reddish or brown color (Kennedy and Vevers 1975; Miksik
et al.. 1994). The possible functions of egg coloration vary
from those related to the physical properties of pigments
(i.e.. filtering solar radiation or strengthening the eggshell)
to those related to the adaptive function of color. More
recently, Moreno and Osorno (2003) proposed that blue and
green egg colors may function as a post mating sexually
selected signal of female phenotypic quality to their mates
in order to induce a higher allocation of parental care.
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Gosler et al. (2005) proposed that the egg speckling caused
by protoporphyrin pigments might compensate for reduced
eggshell thickness due to calcium deficiency.

A previous study indicated that uterine tissues produce
twice as much porphrin from delta-aminolevunlenic acid
compared to liver tissne in vitro (Polin. 1957). Later
researches conducted experiments using brown eggshell
hens (BrSH) suggested that eggshell protoporphyrin is first
svinthesized in the shell gland, then secreted and deposited
into the eggshells (Baird et al., 1973). The shell gland
which secretes the cuticular layer is considered the final
destination of pigment transportation (Solomon, 2002).
Porphyrins are likely synthesized de novo in the cells where
the process occurs. Biliverdin, on the other hand. is
probably produced in erythrocytes (Kennedy and Vevers,
1973; Lang and Wells, 1987). Thus, these two principal
eggshell pigments have very different origins, despite their
molecular structure similarities. More recently, the
biliverdin concentration in blue eggshell hens (BSH) and
BrSH showed a significant difference in the shell gland
with no differences in serum and bile. This demonstrates
that the circulation system is not the biosynthesis site for
shell-origin biliverdin. Biliverdin is most likely synthesized
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in the shell gland and deposited into the eggshell in
chickens (Zhao et al., 2006).

The native Brown Tsaiya duck (dnas platvrhynchosy is
a major laying duck breed in Taiwan. It is one of the highest

laving duck breeds in the world (Tai et al., 1989; Chen et al.,

2003). The eggshell colors of Brown Tsaiya vary from
white to pale blue to dark blue. The eggshell color of the
Pekin duck (Anas plahyrhynchos) only white. Blue eggshells
contain mainly biliverdin and a small amount of
protoporphyrin. ~ White  eggshells  contain  only
protoporphyrin (Liu et al., 1998). The genes involved in
color polymorphism must exert their influence via enzyme
svstems that produce the different pigments in the eggshell.
Heme oxygenation is the rate-limiting step for heme
degradation, which produces biliverdin (Schwartz et al.
1980). The BSD shell gland may accumulate a higher
biliverdin concentration than BSH. The higher bioactivity
of heme oxygenase in the BSD shell gland may be
responsible for producing the higher biliverdin
concentration. We compared the shell gland biliverdin
concentrations and heme oxygenase activity between white
eggshell ducks (WSD) and blue eggshell ducks (BSD) to
clarify the differences in eggshell pigmentation. We also
studied the eggshell pigmentation deposition process to
elucidate the eggshell pigment deposition mechamism in
ducks.

MATERIALS AND METHODS

Animals and sample collection

A total of 60 ducks including 30 laying Brown Tsaiya
ducks with blue-shelled eggs and 30 Pekin ducks with
white-shelled eggs were used in this study. Ducks were
caged individually and fed ad fibitum on a commercial laver
diet as recommended by the NRC (1989). They were
subjected to a cycle of 14 h light; 10 h darkness. When
ducks reached 72 wks of age, the oviposition was
monitored every 10 min during the night preceding
sampling. Six Brown Tsaiya ducks and 6 Pekin ducks were

selected randomly and sacrificed by electrical shock at 6, 12,

18, 20 and 23.5 h post oviposition. After sacrifice, the shell
gland was carefully cut to collect the uterine fluid for
biliverdin concentration analysis. The shell gland and the
eggs in the shell gland were then stored individunally. Each
shell gland pouch was divided into 2 parts for biliverdin
concentration assay and heme oxygenase activity
measurement, respectively. All samples were protected from
light and stored at -20°C until needed.

To study the eggshell pigment deposition process. five
eggs each from BSD. WSD and WSD received a single
dose biliverdin injection were collected from Brown Tsaiya
and Pekin ducks, respectively.
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Analysis of biliverdin contents

The shell gland was ground using liquid nitrogen into
powder and weighted. The eggshell powder was then mixed
with diluent (30% 3 N HCIl and 50% acetonitrile) (HPLC
grade, J. T. Baker, USA). The collected uterine liquid was
dried using a speed vacunm and resuspended with diluent.
All samples were centrifuged at 18.350xg for 10 min. The
supernatants were analyzed using an HPLC method
modified from Taylor et al. (2000). An L-4500 diode array
detector, L-6200A intelligent pump, D-6000 interface
(Hitachi, Japan) and Hamilton PRP-1 reversed phase (10
pm patrticle size, 4.1 mmx250 mm) column were used. The
flow rate was 2.0 ml/min and a solvent gradient was applied.
The initial mobile phase composition was 20% acetonitrile
and 80% 0.1 M ammonium acetate (pH 3.2) (Sigma,
Germany) for 2 min, The solvent gradient consisted in a 16
min linear change to 100% acetonitrile, followed by 2 min
at 100% acetonitrile. The total runtime was 20 nun.
Calibrations were prepared as samples. Concentrations in
the 6 calibration points were 31.23, 62.5, 125, 250, 500 and
2,000 nM with R values of 0.9984.

The eggshells were rinsed with Milli-Q water (Millipore,
MA) first and then dissolved without shell membranes in
the mixed solution (methanol contained 5% H,SO4) (HPLC
grade, Riedel-deHaén. Germany) in the dark for 2 d at room
temperature. The colored extract was filtered and subjected
to spectrophotometer analysis. The UV spectro-photometric
(Unicam, UK) method was used for the biliverdin in
eggshell assay, performed at 670 nm to avoid impurity
dismrbance in the prepared samples. The sample
quantification was performed using calibration curves
constructed with standard solutions. Calibrations were
prepared as samples. The concentrations in the 5 calibration
points were 8. 4. 2. 1. and 0.5 pM with R values of 0.9998
in UV spectrophotometry.

Heme oxygenase activity assay

The heme oxvgenase activity assay followed the
modified procedures of Ryter et al. (2000). A shell gland, 1
e’ in size, was transferred into the eppendorf and
homogenized well using scissors. One ml solution A (0.25
M sucrose, 20 mM Tris-HCL, pH 7.4) and 1 pl protease
inhibitor cocktail were then added. The samples were
further homogenized with the somicator and centrifuged at
15,000xg for 20 min at 4°C. Total protein was quantified
using Bio-Rad protein reagent (USA). Crude protein extract,
2 mg each, was transferred to new eppedorf tubes which
contained | mM B-NADPH. 2 mM Glucose-6-phosphate, 4
U Glucose-6-phosphate dehydrogenase, 25 pM Hemin and
solution A. The reactions were performed at 37°C in the
dark and dried using speed vacuum at 35°C. The pellet was
resuspended with 400 pl solution (50% 3 N HCI and 50%
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acetonitrile). The mixtures were centrifuged at 18.350xg for
10 min. Supernatants were used to measure the biliverdin
concentration with HPLC as described previously. All
chemicals used in the heme oxygenase activity assay were
purchased from Sigma-Aldrich Inc (USA).

Exogenous biliverdin injection and analysis of eggshell
pigment deposition process

Exogenous biliverdin, 500 nM each. was dissolved in
1X PBS and slowly and gently injected into the shell gland
antrum of five laying Pekin ducks at 12-14 h post
oviposition. Eggs from BSD. WSD, WSD with injected
biliverdin, as well as BSH and BrSH. were collected for the
eggshell pigmentation deposition process study. The eggs
were analyzed using the eggshell deposition method
modified from Wang et al. (2007). Eggs were ninsed with
deionized water, dried in an oven for 5 min. weighed on a
microbalance to obtain the initial weight (No.0) and
recorded as W0. Each egg was gently placed into a 150 ml
beaker containing 60 ml of solvent (methanol.concentrated
HCl = 2:1). and incubated for 2 min. The egg was removed
from the solvent and rinsed with 3,000 ml deiomized water;
then placed back into the oven for 5 min until its surface
was drv, weighed again, and recorded as W1. An aliquot of
10 ml solvent in which the No.l eggshell layer was
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dissolved was transferred into a 15 ml centrifuge tube for
analysis. The same egg was placed into another clean
beaker and the procedure was repeated until the eggshell
was completely dissolved. The 10 ml solution for analysis
from each layer was placed in darkness overnight and
centrifuged at 10.000xg for 10 min. The color of the
supernatant solution was analyzed in a spectro-photometer
at wavelengths of 412 nm and 670 nm.

Statistical analysis

Data for the biliverdin content in the shell gland, uterus
fluid and eggshell at various hours post oviposition from
BSD and WSD were analvzed using one-way ANOVA. The
comparison of means among groups was performed using
Tukey’s honest significant difference test. All of these
analyses were performed with the SAS 9.1.3 package (SAS
Institute, 2002).

RESULTS

The BSD and WSD biliverdin concentrations at 6, 12,
18, 20 and 23.5 h post oviposition in shell gland, uterus
fluid, and eggshells are shown in Figure 1. The biliverdin
concentration in the BSD shell gland remained constant at 6,
12 and 18 h. and reached the lowest quantity at 20 h and
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Figure 1. The contents of biliverdin in the shell gland (A), uterus fluid (B) and eggshell (C) at various time points post oviposition for
blue-shelled and white-shelled ducks. The bars and whiskers indicate mean+SD. * Significantly different between blue-shelled and
white-shelled ducks at same hour post oviposition, p<0.05.
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peaked at 235 h post oviposition (Figure 1A). The
biliverdin concentration pattern in the shell gland during a
WSD ovulatory ¢ycle was similar to that in the blue-shelled
counter parts. It gradually decreased from 6 h and reached
the lowest point earlier at 18 h. then peaked at 23.5 h post
oviposition. However, our data was unable to show a
significant difference 1 the comparison for the shell gland
biliverdin concentrations 1n these two breeds.

The biliverdin concentration i the BSD uterus fluid
also declined after 6 h and reached the lowest number at 12
h. It then increased linearly untl 23.5 h post oviposition.
The same pattern was observed in the WSD (Figure 1B).
The BSD showed higher biliverdin concentration than the
WSD and there were significant differences (p<0.03) in the
biliverdin concentration 1 the uterus fluid between these
two species, except at 23.5 h. The biliverdin concentration
in the eggshell at vanous hours post oviposition was also
measured using  spectro-photometery. A significant
difference (p<0.03) was observed between the two
experimental groups. Trace biliverdin was detected n the
WSD eggshell as well (Figure 1C).

The heme oxygenase activity, the synthesizang rate
determuning enzyme for biliverdin formation. was measured
by adding substrates iz vitro and 1ts products analyzed using
the HPLC method. Its activity in the BSD shell gland was
not significantly different from the WSD (Figure 2) and
remained mostly constant during the ovulatory cycle.

The WSD eggshell color changed from white to blue
after receiving a single dose biliverdin injection (Figure 3).
The biliverdin and protoporphyrin concentrations in the
eggshell layers from BSD, WSD and WSD with exogenous
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Figure 2. The activity of heme oxygenase in the shell gland at
various time points post oviposition for blue-shelled and white-
shelled ducks. The bars and whiskers indicate meantSD.

biliverdin injections are shown in Figure 4. The biliverdin
concentrations 1n the eggshells in the first to sixth BSD
lavers were significantly higher than those m the WSD, and
continued to mcrease from laver No. 6 to layer No. 1 with a
smular trend (Figure 4A). In contrast, the biliverdin
concentration 1n the WSD eggshells was shghtly increased
from layer No. 5 to layer No. 1. When the exogenous
biliverdin was 1njected into the WSD shell gland antrum.
the biliverdin deposition pattem altered. A great quantity of
biliverdin appeared mn lavers 3 and 4, indicating that the
exogenous biliverdin was accumulated i this particular
eggshell formation period. The  protoporphyrin
concentration 1n the WSD eggshells appeared hagh 1n the
beginning (No. 6 and 7) and the end (No. 1) of eggshell

Figure 3. The eggshell color of white-shelled ducks before and after received a single dose biliverdin injection. Upper: the eggs collected
before biliverdin injection. Lower: the eggs collected after biliverdin injection.
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Figure 4. Concentrations of biliverdin (A) and protoporphyrin (B) in the layers of eggshell from blue-shelled ducks, white-shelled ducks

and white-shelled ducks received a single dose biliverdin injection.

formation and showed a U-shaped alteration patiern (Figure
4B). The protoporphyrin concentration in the BSD and
WSD eggshells that received exogenous biliverdin
exhibited the similar pattern as the WSD at layver No. 6 and
7.

DISCUSSION

The biliverdin deposited in the eggshell was postulated

to be derived from either ervthrocytes (Kennedy and Vevers,

1973. Lang and Wells, 1987) or from the shell gland (Polin.
1957. Poole. 1966; Baird et al., 1975. Zhao et al., 2006). In
a previous report, the biliverdin concentration varied
significantly only in the shell gland and not in the
circulating serum or bile between BSH and BrSH. This
demonstrates that biliverdin was most likely synthesized in
the shell gland and then deposited into the eggshell of
chickens (Zhao et al., 2006). In our study there was no
significant  difference observed in the biliverdin
concentration in the shell gland between BSD and WSD.
These results may arise from species difference or may
implicate different deposition mechanisins for biliverdin for
brown-shelled hens and white-shelled ducks. The heme
oxvgenase, a rate-limited enzyme controls biliverdin
production from oxidation and ring opening in the
haemoprotein prosthetic groups (Barnett et al., 1975). did
not show an activity difference between these two duck
species. The static mRNA level of aminolevulenic acid
svnthase 1, heme oxygenase 1 and heme oxygenase 2 in the
shell gland was also examined in our laboratory. However,

there was no significant difference observed (unpublished
data). Thas result is consisted with what Zhao et al. (2007)
reported on the genes of related enzymes in the porphyrin
pathway applied in the BLAST search and none of these
genes were found located inside the blue egg (O) locus.
Overall, we were unable to demonstrate any variation for
the biliverdin concentration or heme oxygenase activity in
the shell gland and the gene expression of relevant enzyvmes
between BSD and WSD.

Eggshell pigments are deposited via ciliated epithelinm
cells (Johnson, 2000). The shell gland functions as the
organ of production, transfer and pigment secretion
(Solomom. 2002). Although in trace amount. biliverdin
could still be detected in BrSH (Zhao et al., 2006), Coot
Fulica atra (Wicke, 1858 as cited in Kennedy and Verers,
1973) and in WSD. Solomon (1991) demonstrated infrared
spectra from the brown layer, white layer. quail and black-
headed gull. This evidence does reveal the capacity for both
brown and white layers to manufacture and secrete pigment
in the shell gland. This study showed significant differences
in the biliverdin concentration in the uterus fluid and not in
the shell gland between BSD and WSD. These results imply
that a mechanism exists that controls the transportation of
biliverdin from the shell gland into the uterus fluid and may
hold the key to comtrolling the eggshell color in ducks.
Other factors affecting the biliverdin concentration in the
uterus fluid should also be considered. This was supported
by the eggshell color changing from white to blue when
exogenous biliverdin was injected into the WSD shell gland
antrum at 12-14 h post oviposition. All of our evidences
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pointed out that it is the biliverdin concentration in the
uterus fluid that makes the difference in the eggshell color
in ducks.

The egg remains in the shell gland for 18-19 h in Tsaiya
ducks and 18-20 h in hens (Ma. 1968; Solomon, 1991). The
previons study showed, in BrSH and turkeys, the pigment
was deposited during the entire shell formation period with
the depository rate accelerated in the last 3 to 5 h before
oviposition (Warren and Conrad, 1942). In addition, the
eggshell pigmentation in China domesticated Dongxiang
blue-shelled chickens was considered to reach a peak at
about 2 to 3 h before oviposition (Zhao et al., 2006). The
eggshell pigment concentration in the top layer was the
highest compared with the other layers. These pigmenis
were mainly biliverdin and protoporphyrin in blue eggshells
or protoporphyrin in brown eggshells (Wang et al., 2007).
Eggs from BSD, WSD, WSD treated with exogenous
biliverdin injections were all included in the eggshell
pigmentation deposition study. However, BSD eggshell did
not contain a large quantity of biliverdin in the top layer
(No 1), as shown in the study by Wang et al. (2007). The
pigment tended to increase layer by layer. Our result was
not consistent with previous reports on the depository
patterns of BSH eggshells. It is clear that the eggshell
pigmentation deposition pattern indeed differed between the
BSD and BrSH. The biliverdin existed in combination with
calcium in the shell cuticle (Kennedy and Verers, 1973;
Nakano et al.. 2003). The calcinm deposition rate was high
10 to 20 h post oviposition compared with other stages
(Chen, 2000). The biliverdin deposition pattern in BSD
eggshells was concurrent with the biliverdin concentration
in the uterus fluid, which increased from 12 to 23.5 h post
oviposition. With the administration of exogenous
biliverdin to the shell gland anstrum, the pigment
accumulated continuously onto originally white-shelled
eggs until the given biliverdin was exhansted. Our result
indicated that the higher the biliverdin concentration in the
uterus fluid, the more biliverdin was deposited onto the
eggshell. There may be a biliverdin carrier (or biliverdin
binding protein) located in the BSD shell gland that
enriched biliverdin in the uterus fluid and then deposited
into the eggshell. WSD without or functioned less as a
carrier (or binding protein) on the shell gland. with almost
same biliverdin concentration in the shell gland as BSD.
These eggshells remained white. Regardless of eggshell
biliverdin being synthesized in the shell gland or
transported from the liver or blood, our results indicated
that there were no significantly different shell gland
biliverdin concentrations between BSD and WSD. The
efficiency of the mechanism controlling the transportation
of biliverdin from the shell gland into the uterus fluid plays
the key role in regulating the eggshell color in ducks.
However, the protoporphyrin concentration in the latest
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laver of such eggs was also different from originally white-
shelled eggs. This may indicate that protoporphyrin
deposition was affected directly or indirectly by biliverdin.
Our study demonstrated that the different eggshell
colors in BSD and WSD were influenced by the amount of
biliverdin in the uterus fluid and not determined by the
amount of biliverdin in the shell gland. The eggshell
pigment depository pattern in BSD tended to increase layer
by layer and was different from that in BrSH, showing a
pigment concentration peak in the top eggshell layer.
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