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ABSTRACT Eggshell color is the most intuitive
external feature that affects consumer acceptance. Dif-
ferent eggshell colors are mainly determined by proto-
porphyrin IX and biliverdin content. The selection of
eggshell color by the human eye with an eggshell color
fan can be roughly classified. Although more technolog-
ically advanced, a colorimeter or spectrophotometer
might be of limited use when observing a variety of
shell colors, such as brown, olive, green, and blue. This
study aimed to provide a convenient and accurate
method for predicting the content of eggshell pigments
by measuring eggshell color using the Commission
International de L’Eclairage (CIE) L*a*b* system.
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The results showed the deepening of eggshell color in
brown and blue eggs was correlated with increased egg-
shell pigment deposition, and eggshell color was signifi-
cantly positively correlated with eggshell pigment
content (P < 0.01). Furthermore, the adjusted R2 of
the fitted function was in the range of 0.81 to 0.89, and
the Spearman rank correlation coefficient between the
predicted and true values was in the range of 0.89 to
0.93. In brief, the L*a*b* method of measuring eggshell
color to predict the amount of eggshell pigment deposi-
tion is convenient, effective, and promising for layer
production.
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INTRODUCTION

Eggshell quality is important for the transportation,
storage, and processing of eggs. However, eggshell color
is one of the most intuitive external features affecting
consumer acceptance (Mertens et al., 2010). People in
China, France, Great Britain, and Portugal prefer
brown eggs, whereas people from the United States,
Australia, Sweden, and Spain tend to choose white eggs
(Odabasi et al., 2007). Consumers are concerned not
only about the shades of eggshell color, but also about
the uniformity of the eggshell color (Arthur and O’Sulli-
van, 2005). Therefore, the quality of eggshell color both
affects the market and price of eggs and also affects the
economic efficiency of the producer.

The eggshell color is mainly composed of pigment
components, such as protoporphyrin IX, biliverdin, a
small amount of zinc chelates of biliverdin, fecal por-
phyrins, uroporphyrins, zinc chelates of protoporphyrin
IX, and other unidentified porphyrins. Protoporphyrin
IX is responsible for brown eggshells, whereas biliverdin
and protoporphyrin IX result in blue eggshells
(Kennedy and Vevers, 1973; With, 1974; Lang and
Wells, 1987; Ito et al., 1993; Miksik et al., 1996;
Mertens et al., 2010; ). Protoporphyrin IX and biliverdin
are synthesized in the eggshell gland and later secreted
and deposited in the outermost layer of the eggshell
(Lang and Wells, 1987; Wang et al., 2007). Thus, the
shade of the eggshell color is directly decided by the
amount of eggshell pigment deposited.
Although intense and uniform eggshell colors have

been selected abroad in commercial white- and brown-
shelled layers for several decades, blue eggshells have
not been intensively selected (Cavero et al., 2012; Hun-
ton, 1962). Eggshell color is mainly selected by grading
using eggshell color fans, and color parameters are mea-
sured using a spectrophotometer. However, the accuracy
of eggshell color fan grading is not high, and selection
based on L*a*b* parameters requires a composite indi-
cator to reflect specific differences in eggshell color, espe-
cially for eggs of similar color. The present study is the
first to predict the amount of eggshell pigment using the
fast and easy-to-use CIE L*a*b* system, which will help
improve the genetic progress and accuracy of eggshell
color selection.
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MATERIALS AND METHODS

Collecting Samples

In this study, 171 brown eggs were obtained from 40-
wk-old Dwarf layer chickens, 164 blue eggs were
obtained from 40-wk-old Dongxiang blue-shelled
chicken, and one egg was collected per chicken. All birds
were kept in single cages in the National Center of Per-
formance Testing of Poultry (Beijing, China), and the
study complied with the guidelines for experimental ani-
mals established by the Animal Care and Use Commit-
tee of China Agricultural University (permit number
AW32202202-1-1).
Sample Preparation and Measurement of
Indicators

Eggs were processed within one week of collection and
stored at room temperature (18−20°C, 45% RH) during
preservation. Each egg was numbered and weighed
(EW). Color was measured at the blunt, middle, and
sharp ends of the eggshell, using a spectrophotometer
(KONICA MINOLTA CM-700d, Konica Minolta, Inc.,
Tokyo, Japan). The L*a*b* values were recorded and
their means were calculated. Subsequently, the eggshell
was broken and rinsed. The eggshell pieces were heat-
dried in a forced-air drying oven (AC 220V § 10%, 50Hz
§ 2%, BGZ-140 Electric Heat forced-air drying oven,
Shanghai Boxun Industry & Commerce Co., Ltd.,
Shanghai, China) at 75°C for 12 h. Weighed dried egg-
shells (ESW) were ground to powder in a mortar. Then,
0.25 g of the powder dissolved in 4 mL of preprepared
solution (volume of methanol: volume of concentrated
HCl [Vmethanol: Vconcentrated HCl] = 2:1) was added
into a 15 mL centrifuge tube. The solution was kept at
room temperature (18−20°C) for 12 h, dark area to
extract the eggshell pigments. After centrifugation at
1,369.55 £ g for 45 min, 200 mL of supernatant was used
to measure the absorbance at 412 nm and 670 nm using
an Epoch 2 microplate spectrophotometer (BioTek
Instruments, Inc., VT), with 2 replicates for each sam-
ple, and the average value was calculated. The absor-
bance at a wavelength of 412 nm represents the content
of protoporphyrin IX (Ito et al., 1993), and the absor-
bance at a wavelength of 670 nm represents the content
of biliverdin (Zhao et al., 2006).
Developing Standard Curve to Define
Sample Concentration

To prepare the standard solution, protoporphyrin IX
(3.6 mg, Aladdin Reagent [Shanghai] Co., Shanghai,
China) was dissolved in 6 mL of solvent (Vmethanol:
Vconcentrated HCl = 2:1) added beforehand into a
15 mL centrifuge tube, vortexed, and placed in dark-
ness for 12 h to dissolve completely. Biliverdin
(0.25 mg, Aladdin Reagent) was prepared in the same
manner. Then, the 20 £ protoporphyrin standard solu-
tion (1.07 £ 10�3 mol/L) and 20 £ biliverdin standard
solution (6.36 £ 10�5 mol/L) were prepared. Protopor-
phyrin standard solution (3 mL) was added to a 15 mL
centrifuge tube containing 3 mL of solution (Vmetha-
nol: Vconcentrated HCl = 2:1), vortex-oscillated to
obtain 2�1 £ protoporphyrin standard solution. The
rest of the solution was deduced by analogy;
2�2»2�9 £ protoporphyrin standard solution and
2�1»2�9 £ biliverdin standard solution were prepared.
Then, the absorbance of the protoporphyrin standard
solution (X1) was measured at a wavelength of 412 nm,
and the absorbance of biliverdin standard solution (X2)
was measured at a wavelength of 670 nm. According to
the standard curve, the protoporphyrin concentration
(Y1) and biliverdin concentration (Y2) of the sample
were calculated using a linear regression
equation (Wang et al., 2009).
Statistical Analysis

The quantities of true protoporphyrin IX (equation
[1]) and biliverdin (equation [2]) in 1 g of egg weight (Qp
and Qb, respectively; nmol/g) were determined as fol-
lows:

Qp ¼ Y1 � 0:004L� ESWð Þ= 0:25g � EWð Þ ð1Þ

Qb ¼ Y2 � 0:004L� ESWð Þ= 0:25g � EWð Þ ð2Þ
Where 0.004 L represents the 4 mL of solvent used to

dissolve the rinsed eggshell, 0.25 g represents the 0.25 g
rinsed eggshell; ESW represents the weight of heated-
dried eggshell, and EW represents the weight of the full
egg. In this experiment, blue and brown eggs were
divided into different groups. Only protoporphyrin IX
was detected in brown eggs, whereas both protoporphy-
rin IX and biliverdin were detected in blue eggs.
Standard curves for calculating protoporphyrin IX

(equation [3]) and biliverdin (equation [4]) concentra-
tions were fitted using R, as follows:

Y1 ¼ 7:499� 10�6X1 � 4:968� 10�7adjusted R2

¼ 0:9997 ð3Þ

Y2 ¼ 3:81� 10�5X2 � 1:409� 10�6adjusted R2 ¼ 1 ð4Þ
In the equations, Y1 and Y2 represent the protopor-

phyrin IX and biliverdin concentrations of the sample,
respectively; X1 and X2 represent the absorbance of the
sample at wavelengths of 412 nm and 670 nm, respec-
tively. Both equations were assessed using adjusted R-
squared (adjusted R2); adjusted R2 > 0.99. The regres-
sion coefficients for both equations were extremely sig-
nificant (P < 0.001).
Standard curve fitting, correlation analysis, and

regression equation derivation for eggshell pigment pre-
diction were performed using the previously established
R 4.0.2 procedure (https://www.r-project.org/). A
three-dimensional view of eggshell color was drawn using
OriginPro 2021 (https://www.originlab.com).

https://www.r-project.org/
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RESULTS AND DISCUSSION

The correlation coefficients for eggshell color in brown
and blue eggs are shown in Figure 1. EW and ESW did
not correlate strongly with either eggshell color (L*, a*,
and b* values) or eggshell pigment amount (Qp, Qb; P >
0.05). EW and ESW have been reported as two of the
main factors affecting eggshell color (Odabasi et al.,
2007), contrary to our and other researchers’ correlation
results (Yang et al., 2009; Bi et al., 2018). In addition,
eggshell pigmentation was highly correlated with the 3
indicators of eggshell color (P < 0.01). Based on the
results of the whole correlation, we infer that the amount
of eggshell pigment deposited has a much greater effect
on eggshell color than either EW or ESW. Similarly, the
amount of protoporphyrin IX, as determined by
Bi et al. (2018), directly determines the eggshell color.
Interestingly, the correlation between biliverdin and
protoporphyrin in blue eggs was 0.81, which is consistent
with the correlation between eggshell pigments in differ-
ent layers of the eggshell (Wang et al., 2007). Although
the intensity and evenness of eggshell pigment disposi-
tion are affected by metabolic factors (Samiullah et al.,
2015), predicting the amount of eggshell pigment by
measuring eggshell color will offer convenience and accu-
racy for selecting and breeding eggshell color.

In this study, 3 equations for prediction of protopor-
phyrin IX (Q^p, equation [5] and [6]) and biliverdin
content (Q^b, equation [7]) were fitted using L*, a*,
and b* values with interactive items using R 4.0.2, as
follows:

Qp ¼ 1:042þ 0:0137 La þ 0:0763 ab

� 0:0014 Lab adjusted R2

¼ 0:89 ð5Þ
Figure 1. Eggshell color in brown eggs (A) and blue eggs (B) correlation
larger size mean the greater correlation. Blue represents positive correlation
ESW, eggshell weight; Qp, quantity of protoporphyrin; Qb, quantity of biliv
Qp ¼ �15:2355þ 0:1590 L� 2:1220 a þ 1:9781 b

þ 0:0200 La � 0:0194 Lb

þ 0:0421 ab adjusted R2

¼ 0:81 ð6Þ

Qb ¼ �27:3314þ 0:2973 L� 4:1493 a þ 1:5234 b

þ 0:0396 La � 0:0150 Lb

þ 0:0392 ab adjusted R2

¼ 0:81 ð7Þ

We predicted the content of protoporphyrin IX and
biliverdin (only in blue eggs) using regression functions;
equations [5] and [6] for the prediction of protoporphyrin
IX content are only applicable to brown and blue eggs,
respectively, and equation [7] is suitable for predicting
biliverdin content of blue eggs. The adjusted R2 of the
fitted function was between 0.81 and 0.89, which means
that eggshell color can explain the magnitude of varia-
tion in eggshell pigmentation. In this experiment, the
adjusted R2 did not reach 0.9, probably because of the
deposition process of not only the eggshell pigments but
also other eggshell ingredients, such as calcium and
phosphorus, using layer-by-layer deposition procedures.
It is well known that processes of eggshell mineralization
and pigmentation deposition occur in the uterus; the
amounts of pigments (containing protoporphyrin IX
and biliverdin) deposited in different layers of the egg-
shell are significantly different, with the outermost layer
containing more pigments than the inner layers of the
eggshell (Wang et al., 2007), and eggshell color values
coefficients. Color and size represent correlation, both darker color and
and red represents negative correlation. Abbreviations: EW, egg weight;
erdin; L, lightness; a, redness; b, yellowness.



Figure 2. Variation of eggshell color in brown eggs and blue eggs with L*a*b* values. Brown eggshell colors got darker and predicted eggshell
pigments showing an increasing trend with lower L* value and higher a* and b* value. However, only the variation of a* value in blue eggs was
inconsistent. The simulated egg adjacent to each data point is the corresponding eggshell color. Brown values represent predicted protoporphyrin
IX contents and green values represent predicted biliverdin contents.
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are determined by the amount of pigment deposited on
the eggshell surface. In addition, the Spearman rank cor-
relation coefficients of the predicted values for the 3 fit-
ted functions and true value were 0.89 to 0.93, which
indicated high accuracy of the prediction results. How-
ever, hen-to-hen variability can also impact egg parame-
ters. Although in the current study we used single
housed hens, the correlation may have been greater if a
series of eggs from individual hens were compared, thus
removing the hen-to-hen variability that many research-
ers cannot overcome owing to communal housing of
hens. Lukanov et al. (2015) assessed indicators describ-
ing the color characteristics, such as the eggshell color
index (SCI), Hueo angle (ho), and chroma (C*) of egg-
shells (Petracci and Ba�eza, 2019). The authors argued
that SCI is only suitable for describing brown and non-
pigmented eggs, C* is dominated by the b* value, and
ho is not suitable for color analysis of eggshells because
of the large variations and the possibility of obtaining
similar values but with different signs in eggs with simi-
lar colors (Petracci and Ba�eza, 2019). Methods such as
SCI based on the L*a*b* space are efficient but also
share the above problems. In contrast, eggshell pigment
experiments are accurate but inefficient. In our study,
the advantages of both methods were combined to
achieve accurate and efficient determination of eggshell
color.
This study predicted the eggshell pigment content for

different eggshell colors based on the fitted model above,
as shown in Figure 2. Darker eggshell colors with a
brown appearance were correlated with lower L* values,
higher a* and b* values, and higher amount of deposited
protoporphyrin IX. Eggshell color deepening to blue was
correlated with increased deposition of biliverdin and
protoporphyrin IX, biliverdin content exceeding the pro-
toporphyrin IX content, decreased L* and a* values, and
increased b* values. Blue-colored eggs with small
amounts of red were correlated with deeper eggshell col-
ors, lower biliverdin content compared to protoporphy-
rin IX content, increased protoporphyrin IX deposition,
and increased a* values. The difference in protoporphy-
rin IX content in blue eggs might be affected by weeks of
age and blue shell breeds and their different cross pat-
terns with white or brown eggshell breeds, such as White
Leghorn or Rhode Island Red. The model in this study
accurately predicted the pigment content of eggshells,
which could improve eggshell color uniformity and selec-
tion accuracy.
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In summary, this study used the eggshell color L*, a*,
and b* values to predict the amount of eggshell pigment
deposition, which provides an effective and rapid
method for eggshell color selection in the breeding of
egg-laying hens.
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