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ABSTRACT Eggshell colour, quality, and biosafety
of table eggs are of significant commercial interest. To
date, there have been few studies investigating the re-
lationship between eggshell pigmentation and internal
egg quality in commercially bred birds. Moreover, the
genetic basis and mechanisms behind the effects of
extrinsic factors on deposition of antimicrobial com-
pounds in egg white and eggshell pigments are not
fully understood. In the present study, we evaluate
the effect of chicken breed identity, eggshell pigmenta-
tion and the role of extrinsic factors (year and breeder
identity) on variability in the concentrations of 2 ma-
jor egg white antimicrobial proteins (AMPs), lysozyme
(LSM), and ovotransferrin (OVOTR), across 23 tra-
ditional chicken breeds. We found that chicken breed
identity and eggshell pigmentation explained most vari-
ability in the concentration of egg white LSM and
OVOTR. Year and breeder identity were also significant
predictors of egg white LSM and OVOTR variability,

and showed selective effects on the deposition of both
AMPs in egg white. We also documented a positive
correlation between concentration of egg white LSM
and eggshell cuticle protoporphyrin in tinted and dark
brown eggs, but not in brown, white, and blue eggs. We
assume that a combination of both intrinsic genetic and
hormonally regulated extrinsic factors is responsible for
this relationship and for the variability in egg white
AMPs. In this study, we demonstrate the existence of
a relationship between eggshell pigmentation and egg
white AMPs content in the eggs of traditional chicken
breeds that may advertise the egg’s antimicrobial po-
tential and biosafety. These findings provide novel in-
sights into the relationship between eggshell pigmen-
tation and egg internal quality and may stimulate the
recovery and exploitation of traditional chicken breeds
for egg production, where the demands for egg quality
and biosafety, in conjunction with animal welfare, are
a priority.
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INTRODUCTION

In table egg production, consumers are interested in
egg quality, egg safety, and animal welfare. Egg safety
plays a particularly important role as, during the pro-
cess of egg formation and immediately after oviposi-
tion, the egg’s contents may become contaminated by
omnipresent microorganisms in the housing system (De
Reu et al., 2008; Chousalkar et al., 2018; Vickova et al.,
2018). Many of these invading microorganisms can be
highly pathogenic and pose a health risk for consumers
(Cox and Pavic, 2010; Baron and Jan, 2011; Chousalkar
and Gole, 2016; Ahmed et al., 2017). However, the egg
is equipped with many active compounds that prevent
both proliferation of microorganisms on the eggshell
and penetration into the egg.
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The egg’s primary natural defence system is com-
prised of a range of antimicrobial proteins (AMPs) de-
posited in the outer eggshell and cuticle layer (Nys
et al., 2004; Wellman-Labadie et al., 2008a; Gautron
et al., 2011; Miksik et al., 2014). The cuticle plays an es-
sential role in reducing microorganisms on the eggshell,
and thus protects the egg’s contents against potentially
invading microbes (Bain et al., 2013, 2019; Samiullah
and Roberts, 2014; D’Alba et al., 2017; Chen et al.,
2019). Previous studies have noted, however, that cuti-
cle deposition can be affected by the eggshell’s colour
and the hen’s age (Kulshreshtha et al., 2018) or geno-
type (Ketta and Tumova, 2018). A second, but equally
important, antimicrobial defence system for protect-
ing the egg’s interior is a chemical barrier composed
of miscellaneous egg white AMPs (Wellman-Labadie
et al., 2008b,c; Sun et al., 2017; Svobodova et al.,
2019). Among these, lysozyme (LSM), ovotransferrin
(OVOTR), ovomucoid, ovoinhibitor, and ovostatin ap-
pear to be the most important (Stevens, 1991). OVOTR
is one of the most abundant egg white proteins and
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plays a crucial physiological and immunomodulatory
role during embryogenesis (Giansanti et al., 2012). Ow-
ing to its ability to chelate iron, an essential compound
for bacterial growth (Baron and Jan, 2011; Baron et al.,
2014), OVOTR acts as a bacteriostatic, and may also
act as a bactericide by damaging the bacterial cyto-
plasmic membrane (Ibrahim et al., 2000). Furthermore,
OVOTR derived peptides have been shown to display
antiviral and antifungal properties (Giansanti et al.,
2005). As such, OVOTR is an essential multi-functional
protein with strong antimicrobial and immunomodula-
tory potential for avian/chicken embryos. LSM displays
bacteriostatic activity (Masschalck and Michiels, 2003)
and is the main protein showing direct lytic antimi-
crobial activity through cell wall hydrolysis of Gram-
positive bacteria (Ibrahim et al., 1994, 2001; Wellman-
Labadie et al., 2008b).

In addition to the 2 main egg protection systems in-
troduced above, eggshell pigmentation has also been
shown to have antimicrobial properties. In laying hens,
eggshell pigmentation may be blue or range from white
to dark brown. The blue eggshell colour is due to deposi-
tion of biliverdin and zinc biliverdin pigments, while the
more abundant brown colours are due to differing inten-
sities of the pigment protoporphyrin IX (PROTO IX)
(Miksik et al., 1996). Ishikawa et al., (2010) noted that
both of these pigments are involved in light-dependent
inactivation and reduction of microorganisms on the
eggshell. Although a few studies have found an asso-
ciation between pigmentation and nesting ecology that
could predict intensity of microbial pressure on a clutch
(Maurer et al., 2011; Cassey et al., 2012), the only
experimental study on free-living birds found no sup-
port for this pigment-dependent antimicrobial hypoth-
esis (Dearborn et al., 2017).

Both AMP concentration and pigmentation can vary
substantially in laying hens and across chicken breeds,
with LSM and OVOTR concentrations varying with
physiological status and age of the laying hen (Sellier
et al., 2007; Vlckova et al., 2019) or in hens that have
previously experienced intensive infection (Bedrani
et al., 2013a). Moreover, Bilkova et al., (2018) reported
breed-specific variability in egg white proteomic pro-
files due to variable immunological adaptation, reflect-
ing their original need to fight pathogens during the
domestication process. Thus, even if deposition of egg
white AMPs is breed-specific and genetically deter-
mined (Bilkova et al., 2018; Zhang et al., 2019), it is
also strongly affected by hormonally mediated exter-
nal factors (Palmiter et al., 1981). Likewise, pigmen-
tation intensity may reflect hen/flock ageing (Odabasi
et al., 2007; Samiullah et al., 2017; Bi et al., 2018),
stress and laying hen condition status (Mertens et al.,
2010; Duval et al., 2013), as well as external and internal
egg quality (Joseph et al., 1999; Butler and McGraw,
2013; Samiullah et al., 2017). While deposition of brown
and blue pigment is strongly genetically determined
(Zheng et al., 2014; Li et al., 2016; Wang et al., 2017;
Bai et al., 2019), being caused by retrovirus insertion
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into the chicken genome in blue-shelled breeds (Wang
et al., 2013), the intensity of pigmentation may also be
controlled by extrinsic factors regulated by sex steroid
hormones and glucocorticoids (Soh et al., 1993; Soh
and Koga, 1994). Taking into account that a hen’s
genetic and hormonal background controls deposition
of both eggshell pigment and egg white AMPs dur-
ing ovogenesis (Palmiter et al., 1981; Soh et al., 1993;
Soh and Koga, 1994), we predict that there may ex-
ists an association between pigmentation and concen-
tration of the main egg white AMPs. To date, however,
very few studies have focused on the relationship be-
tween concentration of egg shell pigment and AMPs
(Nowaczewski et al., 2013; Butler and Waite, 2016).
Furthermore, there is a lack of studies investigating as-
sociations between pigmentation and the antimicrobial
and immunomodulatory capacity of egg white across
traditional chicken breeds, which represent a neglected
source of genetic variability linked with different selec-
tive pressures during the domestication process (Rubin
et al., 2010).

In this study, we investigate the role of chicken breed
identity, eggshell pigmentation, and the extrinsic fac-
tors (year and breeder identity) on variability in the
concentrations of two main egg white AMPs (LSM and
OVOTR), across 23 traditional chicken breeds. More-
over, we assess the association between concentration
of eggshell cuticle PROTO IX and LSM/OVOTR con-
centrations. The findings of this study provide a solid
background for the association between eggshell colour
and egg internal quality, and between intrinsic and ex-
trinsic factors affecting the deposition of egg white an-
timicrobial and immunomodulatory compounds across
traditional chicken breeds. These factors are of great
importance in breeding programmes, particularly as re-
gards selection for optimal genotypes producing biose-
cure eggs with enhanced antimicrobial potential.

MATERIAL AND METHODS

Chicken Breeds and Egg Collection

In total, we processed 380 freshly laid eggs of 23 tradi-
tional chicken breeds from 41 non-commercial breeders
in the Czech Republic (Supplementary Table S1). The
eggs were collected during spring 2013 to 2015 over 4
consecutive days and processed immediately after de-
livery (i.e., the eggs were no more than 6-days-old eggs
when processed). Each egg was assigned to one of five
colour categories based on the intensity of blue/brown
pigmentation, i.e., blue, white, tinted, brown, and dark
brown (see Supplementary Table S1 for details). For
each colour category, we analysed mean concentra-
tion of eggshell cuticle PROTO IX (see Biochemical
analysis below) in the subset represented by selected
chicken breed (Supplementary Table S2). Eggshell cu-
ticle PROTO IX concentration varied significantly be-
tween colour categories and corresponded with brown
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eggshell pigmentation intensity (Supplementary Figure
S1).

Egg Processing

The length and width of each egg was measured to
the nearest 0.01 mm with Quatros® QS15506 digital
callipers (Lublin, Poland) and the egg volume calcu-
lated according to the method of Narushin (2005). The
eggshell cuticle was then extracted from each egg follow-
ing the method of Kennedy and Vevers (1976). Briefly,
each egg was put into a 80 x 120 mm plastic bag
containing 40 ml of 5% EDTA (Sigma-Aldrich GmbH,
Steinheim, Germany) and 10 mM 2-mercaptoethanol
(PENTA, Prague, Czech Republic) solution buffered to
pH = 7.4 with NaOH (PENTA, Prague, Czech Repub-
lic) for a period of 1 h. The egg was then removed,
placed onto a Petri dish (Deltalab, Barcelona, Spain)
and the cuticle gently scraped away using a plastic
scalpel and washing bottle filled with ddH,O. The re-
leased cuticle in double-distilled water (ddH,O) was
then dialysed using the Pur—A—LyzerTM Mega Dialysis
Kit (Sigma-Aldrich GmbH, Steinheim, Germany) and
lyophilised using Alpha 1-2 LD plus (Martin Christ
GmbH, Osterode am Harz, Germany). The lyophilised
cuticle was then weighed to the nearest 0.001 g using
an ABT 120-5DM analytical laboratory scale (Kern
& Sohn GmbH, Balingen, Germany) and stored at
-80°C until PROTO IX analysis. After this proce-
dure, each egg was washed with ddH,O to remove
any residue of EDTA /Mercaptoethanol solution, dried,
manually cracked and the yolk and egg white gently
separated. The egg white was transferred to a 50 ml
cryotube (Nunc™, Thermo-Fisher Scientific, Waltham,
MA, USA) and stored at -80°C until LSM and OVOTR
analysis.

The experimental procedure was conducted with the
approval, and under the supervision of, the Ethical
Committee of the Faculty of Science, Charles Univer-
sity, Prague (permit no. 13,060/2014-MZE-17,214).

Biochemical Analysis

Concentration of Egg White Lysozyme Egg white
LSM concentration was measured using the agar well-
diffusion assay (Osserman and Lawlor, 1966). Briefly,
we prepared a solution of Britton—Robinson buffer
(pH = 7.0) containing 0.492 g boric acid (Alchimica,
Prague, Czech Republic), 0.782 g phosphoric acid
(98%; Lach-Ner, Neratovice, Czech Republic), 0.480 g
acetic acid (Lach-Ner, Neratovice, Czech Republic),
and 0.840 g NaOH (Alchimica, Prague, Czech Repub-
lic) dissolved in 305 ml of distilled water. Following this,
50 mg of lyophilised Micrococcus lysodeikticus (ATTC
4698, M3770, Sigma-Aldrich GmbH, Steinheim, Ger-
many) was re-suspended in 10 ml of Britton-Robinson
buffer and added to a 60°C solution of 1% agar (Alchim-
ica, Prague, Czech Republic) re-suspended in 100 ml
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of Britton-Robinson buffer. The agar was poured into
Petri dishes and left for 30 minutes to solidify, after
which 3-mm diameter holes were punched into the agar
using a core borer. Egg white samples were thawed and
homogenised with a magnetic stirrer (IKA RH Digital)
at 1800 rpm for 30 min, after which 10 pul of the ho-
mogenised sample was transferred into duplicate holes
in the agar plates using GENO-DNA S pipette tips
for viscous liquids (CS960 9,405,120, Thermo-Fisher
Scientific, MA, Waltham, USA). Standard LSM solu-
tions (10 ul) of known concentration (20, 15, 7, 4, 2,
0.5 mg/ml) were prepared by diluting lyophilised egg
white LSM (HEWL, L6876, Sigma—Aldrich, St. Louis,
MO, USA) in Britton-Robinson buffer and these were
added to the holes in the agar plates. The plates were
then incubated for 24 h at 21°C and 50 to 60% humid-
ity. Photographs of the plates showing the clearance
zones around each hole were taken in standard posi-
tion using a Canon EOS 450D camera (Canon cameras,
Japan) with a 50 mm macro objective (F2.8). The clear-
ance zone diameter was analysed using ImageJ 1.42q
software (Schneider et al., 2012). LSM concentration
(mg/ml) for each egg white sample was interpolated
from a calibration curve using GraphPad Prism v. 6.00
for Windows (GraphPad Software, San Diego California
USA).

Concentration of Egg White Ovotransferrin
OVOTR concentration was measured using a modified
version of the iron-binding activity assay (Yamanishi
et al., 2002), described in detail in Horrocks et al.,
(2011). Briefly, 25 ul of homogenised egg white sample
(see above) was transferred into a 96-well microplate
(BRAND® microplate, pureGrade, flat-transparent,
Sigma—Aldrich, St. Louis, MO, USA) in quadruplicate.
In order to create a calibration curve, we prepared a
stock OVOTR solution containing 40 mg of OVOTR
(Conalbumin, C0755, Sigma—Aldrich, St. Louis, MO,
USA) dissolved in “reagent 1” containing 200 ml
ddH,0O, 7.3 g Tris, 6.4 g NayCOg3, 0.84 g Triton-X
(Sigma—Aldrich, St. Louis, MO, USA). Duplicate 25 ul
samples of OVOTR standard solutions ranging from
30 mg/ml to 0.1 mg/ml concentration were placed in
the bottom row of wells in each plate. Next, 120 ul
of “reagent 2” containing 150 ml of “reagent 1” and
600 ul of iron standard solution (VWR International,
Lutterworth, England) was added to each well, fol-
lowing which the plate was shaken for 10 s. “Pre-
reads” were obtained using a TECAN Infinite1200
PRO UV/Vis microplate reader (Tecan Group Ltd.,
Switzerland) at absorbance wavelengths of 570 nm and
660 nm. After incubation at 37°C for 5 min, we added
25 pul of ascorbic acid solution (100 ml ddH,0O, 0.49 g
FerroZine™ 0.6 g Tris, 0.574 g ascorbic acid) to each
well and placed it back in the incubator for 5 min at
37°C. Finally, 100 pl of “reagent 3” (200 ml ddH20,
25.2 g citric acid, 0.38 g thiourea) was added and the ab-
sorbance (570 nm and 660 nm wavelength) was recorded
immediately (t = 0) and after a further 6 min incu-
bation at 37°C (t = 7). The absorbance values were
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corrected for initial values of well-specific “pre-read”
absorbance and normalised using reference absorbance
values at 660 nm wavelength. The difference between
values measured at t = 0 and t = 7 were used for cal-
culation of OVOTR, concentration by interpolation of
the standard curve in GraphPad Prism 6.

Concentration of Protoporphyrin IX in the
Eggshell Cuticle PROTO IX was assessed on a sub-
set of 47 cuticles from eggs of 18 chicken breeds (see
Supplementary Table S2) in the form of dimethyl es-
ter, using a procedure based on that of Miksik et al.,
(1996) for determination of porphyrins in eggshell. Sam-
ples were extracted (and esterified) from the eggshells
by placing them in 5 ml absolute methanol (LiChro-
solv, gradient grade for chromatography, Merck, Darm-
stadt, Germany) containing 5% concentrated HySOy,
in the dark at room temperature and under an Ny at-
mosphere for2 d. The extracts were then filtrated, a
4 ml chloroform (Merck, Darmstadt, Germany; chlo-
roform GR, ISO) and 4 ml distilled water solution
added and then shaken. The lower chloroform phase
was collected and the upper aqueous phase was again
extracted with chloroform, the 2 chloroform phases
from both extractions being pooled. These phases
were washed with 2 ml 10% NaCl, followed by dis-
tilled water, until the washings were neutral. The ex-
tracts were then evaporated to dryness and recon-
stituted in 0.5 ml chloroform with 5,10,15,20-tetra(4-
pyridyl)-21H,23H-porphine internal standard (Sigma-
Aldrich, St. Louis, MO, USA; 0.01 mg/ml). Standards
for quantification (protoporphyrin IX, MP Biomedicals,
LLC, Eschwege, Germany) were treated using the same
procedure.

PROTO IX pigment was determined and quantified
by reverse-phase high-performance liquid chromatog-
raphy (HPLC) using the Agilent 1100 LC system
(Agilent, Palo Alto, CA, USA), which consists of a de-
gasser, a binary pump, an autosampler, a thermostat-
ted column compartment and a diode-array detector.
The HPLC was also coupled to an Agilent LC-MSD
Trap XCT-Ultra ion-trap mass spectrometer (ion-trap
MS; Agilent, Palo Alto, CA, USA). Chromatographic
separation was carried out in a Gemini 5 u C18 110A
column (250 x 2.0 mm I.D., Phenomenex, Torrence,
CA, USA). A 10 ul sample was injected into the col-
umn and eluted with a linear gradient (A = water with
0.1% formic acid, B = acetonitrile with 0.085% formic
acid), a flow rate of 0.35 ml/min and a temperature of
55°C. The gradient started at A/B 80:20, reached 10:90
rations after 15 min and reached 100% B after 5 min,
the elution being isocratic for the next 10 min. Elu-
tion was monitored by absorbance at 375 and 410 nm.
Atmospheric pressure ionisation-electrospray ionisation
positive mode ion-trap MS in multiple reaction moni-
toring mode was used when precursor ions were 619
(internal standard) and 591 (PROTO IX), with operat-
ing conditions set at drying gas Ny at 11 1/min, drying
gas temperature 350°C, and nebuliser pressure 30 psi
(207 kPa).
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Table 1. GLM results evaluating the effect of eggshell pigmen-
tation, breed, egg volume, breeder identity, and year of egg
collection on the concentration of egg white lysozyme in eggs
(N = 380) from traditional chicken breeds.

Explanatory variable df  Sum sq. Mean sq. F P value
Eggshell pigmentation 4 0.442 0.110 17.891  *<0.001
Chicken breed 18 0.881 0.050 7.929  *<0.001
Egg volume 1 0.005 0.005 0.856 0.355
Year 2 0.214 0.107 17.290  *<0.001
Breeder 28 0.394 0.014 2.281  *<0.001

Statistics for particular explanatory variables corresponded to the
minimum adequate model when each non-significant term was removed
from the model using a backward stepwise procedure.

GLM, General Linear Model.

*Marks significant effects of explanatory variables (o = 0.05).

For high concentrations of PROTO IX (15,000
15 ng/ml), absorbance was set at 410 nm. The calibra-
tion curve over this range was linear with a regression
coefficient of R? = 0.9947, the limit of detection being
0.15 ng/ml.

Statistical Analysis

Egg white LSM and OVOTR concentrations were not
correlated (Pearson’s product moment correlation: t =
3.360, P < 0.12; R? = 0.03); hence, we used 2 sepa-
rate General Linear Models (GLMs) with Gaussian er-
ror distribution to analyse the effect of pigmentation,
egg volume, breed, breeder identity, and year of collec-
tion on LSM and OVOTR variability. Pigmentation,
egg volume, breed, breeder identity and year of col-
lection were included as explanatory variables in each
GLM. Data for mean LSM and OVOTR concentration
were log-transformed to achieve normality.

As we sampled the eggs for each chicken breed from
multiple breeders and over three consecutive years, year
of collection was a strong predictor of LSM and OVOTR
concentration in the GLMs (P < 0.001 and 0.01, re-
spectively; Tables 1 and 2). Similarly, breeder iden-
tity strongly affected LSM concentration (P < 0.001,
Table 1). To account for such statistical non-
independence in our data, we used 2 separate Gen-
eralised Linear Mixed Models (GLMMs) to test for
the effect of breed, pigmentation and egg volume on
LSM and OVOTR concentration, with year of collec-
tion and breeder identity included as random effects in
each GLMM. To evaluate the percentage of variabil-
ity explained by the random and fixed effect terms, we
used the component of variability function “VarrCorr”
in the R package Imej (Bates et al., 2015).

Factors associated with variation in cuticle PROTO
IX concentration were assessed on a subset of 47 cuti-
cles from 18 chicken breeds using separate GLMs. Log-
transformed cuticle PROTO IX concentration was set
as a response variable and pigmentation nested within
breed, egg volume, LSM and OVOTR concentration
and their two-way interactions, with pigmentation set
as an explanatory variable.
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Table 2. GLMM results explaining the effect of eggshell pigmentation, breed, and egg volume
on the concentration of egg white lysozyme and ovotransferrin in eggs of traditional chicken

breeds.
Egg white
Egg white LSM OVOTR
Explanatory variable df X2 P value df x2 P value
Eggshell pigmentation 4 13.812 0.008 4 18.475 *<0.001
Chicken breed 18 30.000 0.037 18 31.850 *0.023
Egg volume 1 0.137 0.712 1 3.303 0.069

Breeder identity and year of egg collection were set as random effects in GLMM.
GLMM, Generalised Linear Mixed Model; LSM, lysozyme; OVOTR, ovotransferrin.
*Marks significant effects of explanatory variables (o = 0.05).
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Figure 1. Variability in egg white lysozyme (LSM) concentration (logiy mg/ml) across traditional chicken breeds diverging in eggshell pigmen-
tation (Ar—Araucana, Br—Brabanter, Bn—Rosecomb Bantam, Mi—Minorca, Po—Poland, Pa—Padua, Yo—Yokohama, Ja—Japanese Bantam,
NN—Transylvanian Naked Neck, Se—Sebright Bantam, Bo—Booted Bantam, Si—Silke, Cz—Czech, Ph—Phoenix, Co—Cochin, Am—Amrock,
Pl—Plymoth Rock, Au—Australorp, Nh—New Hampshire, W—Wyandotte, Bks—Ko Shamo Bantam, Ma—Marans, Ba—Barnevelder. Vertical
dashed lines define what breeds belong to the particular eggshell pigmentation category.

Backwards-stepwise elimination of non-significant
terms was performed to select the best minimal ad-
equate model (Crawley, 2007). Significant effects be-
tween categorical variables were estimated using a pos-
teriori comparison tests and expressed as means £ 95%
CI. All analyses and graphics were undertaken using
RStudio software v.1.1.463 (RStudio Team 2015), us-
ing the Ime4 (Bates et al., 2015), multcomp (Hothorn
et al., 2008) and ggplot2 (Wickham, 2016) packages.

RESULTS

Factors Responsible for Variability in Egg
White Lysozyme and Ovotransferrin
Concentration

There was a significant relationship between pig-
mentation, breed, year of collection and breeder iden-
tity and wvariability in concentration of egg white

LSM in traditional chicken breeds (all P < 0.001;
Table 1). Concentration of egg white LSM varied
greatly across chicken breeds with differently pig-
mented eggs (Figure 1), with the effect of breed
and pigmentation on LSM concentration remain-
ing strongly significant after controlling for the
effect of breeder identity and year of collection
(Table 2). There was no relationship between egg vol-
ume and LSM variability (Tables 1 and 2). “Dark
brown” eggs, followed by “tinted” eggs, had signifi-
cantly higher concentrations of LSM than “white” and
“brown” eggs, but no significant difference between
“blue” and “dark brown” or “tinted” eggs (Figure 2).
Similar outcomes were documented for egg white
OVOTR, with concentration varying significantly
across traditional chicken breeds (P < 0.001; Table 3,
Figure 3), between differently pigmented eggs (P <
0.001; Table 3, Figure 4) and with year of collec-
tion (P < 0.001) and egg volume (P = 0.022), with
no significant effect of breeder identity (Table 3).
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Table 3. GLM results evaluating the effect of eggshell pigmen-
tation, breed, egg volume, breeder identity, and year of egg col-
lection on the concentration of egg white ovotransferrin in eggs
(N = 256) of traditional chicken breeds.

Explanatory variable df  Sum sq. Mean sq. F P value
Eggshell pigmentation 4 3.480 0.870 11.011  *<0.001
Chicken breed 18 4.323 0.240 3.041 *<0.001
Egg volume 1 0.418 0.418 5.298 *0.022
Year 2 1.254 0.627 7.935 *<0.001
Breeder 27 2.241 0.083 1.029 0.431

Statistics for particular explanatory variables corresponded to the
minimum adequate model when each non-significant term was removed
from the model using a backward stepwise procedure.

GLM, General Linear Model.

*Marks significant effects of explanatory variables (o = 0.05).

After controlling for the effect of year of collection and
breeder identity, only the pigmentation and breed re-
mained significant (Table 2). Concentration of OVOTR
was significantly higher in “tinted” eggs than “blue”,
“white” and “brown” eggs (Figure 4), whereas there was
no significant difference between “tinted” and “dark
brown” eggs (Figure 4). Lowest OVOTR concentrations
were found in “blue” eggs, followed by “brown” eggs,
while “white” eggs had OVOTR concentrations com-
parable with “dark brown” eggs.

Analysis of variance components revealed that the
main effect of breed-associated pigmentation explained
52 and 66% of overall variability in LSM and OVOTR
concentration, respectively, while year of collection ex-
plained 19 and 29% of overall variability in LSM
and OVOTR, respectively. In comparison, we found a
strong difference in variability explained by the effect of
breeder, with breeder identity explaining 29% of over-
all variability in LSM, but only 5% of overall variability
in OVOTR, which corresponds with the observed non-
significant effect of breeder identity on OVOTR con-
centration (Table 3).

Factors Related to Variability in Eggshell
Cuticle Protoporphyrin IX Concentration

Variability in cuticle PROTO IX concentration was
significantly affected by eggshell pigmentation (Table 4
and Figure S1) and there was a significant interac-
tive effect of eggshell pigmentation and egg white LSM
concentration (Table 4). While LSM concentration in-
creased with increasing cuticle PROTO IX concentra-
tion in “tinted” (t = 2.914, P < 0.01) and “dark brown”
eggs (t = 2.681, P = 0.01), there was no relationship
with cuticle PROTO IX in “blue” (P = 0.221), “white”
(P = 0.143) or “brown” (P = 0.367) eggs (Figure 5).

DISCUSSION

In this study, we found that egg white LSM and
OVOTR concentration varied significantly with chicken
breed identity. This is in accordance with the study of
Bilkova et al., (2018), who documented breed-specific
egg white protein abundance in 5 traditional chicken
breeds resulting from differing selective pressures and
evolutionary histories during the domestication pro-
cesses of particular chicken breeds. There is extensive
support for a genetic basis to secretion of the main
egg white proteins, including LSM and OVOTR. These
studies have documented genetic polymorphism in the
genes encoding both AMPs in commercially breeding
birds, resulting in differing antimicrobial potentials for
LSM and OVOTR (Myint et al., 2012a,b; Kinoshita
et al., 2016). Moreover, genome-wide analysis has re-
vealed positive selective signatures in the genome of
breeds subjected to artificial selection for the produc-
tion of meat and eggs (Zhang et al., 2017). We anal-
ysed numerous traditional chicken breeds selected for
different phenotypic traits from distinct regions of the
world (see Supplementary Table S1). We observed some
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trend of breeds primary selected for ornamental pur-
poses (i.e., most of breeds having “white” and “tinted”
eggshells) to have higher egg white OVOTR concen-
tration compared to breeds selected primary for egg
laying or dual-purposes and producing “blue”, “brown”
and “dark-brown” eggs. This may support primarily im-
munomodulatory function of egg white OVOTR which
may protect and favour developing embryos of breeds
where health and good physical condition of chicks are
primary characteristics. Besides, it is highly probable
that the different evolutionary histories of particular
breeds will play an important role in genetic variability
and polymorphism of genes coding secretion of egg

white AMPs, accounting for the observed breed-specific
concentrations of LSM and OVOTR.

Similarly, eggshell pigmentation significantly ex-
plained 52 and 66% of overall variability in egg white
LSM and OVOTR concentration, respectively, across
traditional chicken breeds, with “tinted” and “dark
brown” eggs having significantly higher LSM concentra-
tions than “white” and “brown” eggs. We observed an
identical pattern as regards egg white OVOTR, except
that “tinted” eggs had the highest OVOTR concentra-
tion, and significantly higher OVOTR concentrations
than “brown”, “white” and “blue” eggs, the latter hav-
ing the lowest OVOTR concentration. Taken together,
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Table 4. GLM results on the relationship between eggshell cuticle protoporphyrin IX con-
centration in eggs (N = 50) of 19 traditional chicken breeds and egg white lysozyme and
ovotransferrin concentration, eggshell pigmentation, egg volume, and their interactions.
Explanatory variable df Sum sq. Mean sq. F P value
Eggshell pigmentation 4 15.159 3.790 11.070 *<0.001
LSM concentration 1 0.146 0.146 0.427 0.521
OVOTR concentration 1 0.397 0.397 1.233 0.284
Egg volume 1 0.041 0.041 0.130 0.724
Pigmentation:Chicken breed 14 7.221 0.516 1.507 0.192
Pigmentation:LSM concentration 4 5.264 1.316 3.844 *0.017
Pigmentation:OVOTR concentration 4 0.673 0.168 0.523 0.720

Statistics for particular explanatory variables corresponded to the minimum adequate model when
each non-significant term was removed from the model using a backward stepwise procedure.

GLM, General Linear Model; LSM, lysozyme; OVOTR, ovotransferrin.

*Marks significant effects of explanatory variables or their interactions (o = 0.05).

3 . collection explained 19% of overall variability in LSM,

log ,, cuticle PROTO IX (ng/ml)
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Figure 5. Relationship between concentration of eggshell cuticle pro-
toporphyrin (PROTO IX) and concentration of egg white lysozyme
(LSM) in tinted eggs (N = 15) including Transylvanian Naked Neck,
Sebright Bantam, Booted Bantam, Silke, Czech, Phoenix and Cochin
breeds and dark-brown eggs (N = 7) including Marans and Barnevelder
breeds.

traditional chicken breeds producing “tinted” eggs had
the highest concentrations of essential AMPs, LSM and
OVOTR. This partially corresponds with the study of
Kozuszek et al., (2009), who documented higher LSM
concentrations in blue and light-brown pheasant eggs
compared with olive and dark-brown eggs. To date,
there has been only one similar study on commercial
chicken breeds, which documented no relationship be-
tween eggshell colour and egg internal quality (Yang
et al., 2009). On the other hand, several studies on free-
living birds have shown an association between the in-
tensity of protoporphyrin- and/or biliverdin-based pig-
mentation and egg internal quality (Hargitai et al.,
2016; Ugurlu et al., 2017; Hargitai et al., 2018; Soler
et al., 2018). It would appear, therefore, that our find-
ings are in agreement with the studies on free-living
birds; however, further investigation is needed on the
association between eggshell pigmentation and egg in-
ternal quality in commercial breeding birds.

In addition to a high likelihood of intrinsic genetic
factors being responsible for the observed variation in
LSM and OVOTR in differently pigmented eggs of tra-
ditional chicken breeds, we also documented the ef-
fect of environmental (year of collection) and breed-
ing condition (breeder identity) factors. While year of

the effect was higher as regards OVOTR, explaining
29% of overall variability. The role of environmental
factors, such as temperature (Horrocks et al., 2014),
humidity (Wellman-Labadie et al., 2008a) and inten-
sity of microbial pressure (Bedrani et al., 2013a,b) has
previously been documented as affecting the concen-
tration of egg white AMPs in free-living birds. Hence,
it is highly likely that identical mechanisms mediate
the effects of these environmental factors on changes
in egg white AMP concentration in traditional chicken
breeds. We also observed an effect of breeding condition
(i.e., breeder identity) on deposition of egg white AMPs.
This is in accordance with previous studies document-
ing the role of diet (Carvalho et al., 2018) and housing
condition on egg white amino acid profiles and pro-
tein characteristics, including Haugh unit (Samiullah
et al., 2017). Moreover, He et al., (2017) noted that
the considerable effect of diet on the potential of mag-
num tubular cells to secrete egg white proteins was hor-
monally regulated in commercial chicken lines. In our
study, however, we revealed that breeding conditions af-
fect deposition of LSM and OVOTR differently. While
breeding conditions explained 29% of overall variabil-
ity in LSM concentration, its effect on OVOTR con-
centration was only minor, explaining just 5% of over-
all variability. These findings suggest that the role of
breeding condition, include housing and diet quality, on
deposition of egg white AMPs is selective and affects
deposition of LSM and OVOTR differently, with LSM
deposition being more sensitive to these factors and
OVOTR deposition almost unaffected. These findings
were also supported by the fact that LSM and OVOTR
concentrations were not correlated in egg white, sug-
gesting different and independent regulatory mecha-
nisms mediating the effect of breeding and environ-
mental conditions on LSM and OVOTR deposition in
traditional chicken breeds.

Finally, we documented a positive correlation be-
tween concentration of egg white LSM and cuticle
PROTO IX concentration, but only in “tinted” and
“dark brown” eggs. The most probable explanation for
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this association may be that very similar hormonal
pathways, with sex steroid hormones and glucocorti-
coids playing a dominant role, may regulate secretions
of both PROTO IX in the eggshell gland (Soh et al.,
1993; Soh and Koga, 1994) and AMPs in the hen’s
oviduct (Palmiter et al., 1981). This may lead to an
increase/decrease in the secretion of either compound
or their inter-correlation. Moreover, this hormonal ex-
planation may be supported by the absence of any rela-
tionship between concentrations of egg white OVOTR
and cuticle PROTO IX. Based on our findings, OVOTR
deposition is less sensitive to extrinsic factors, such as
breeding condition, and thus is probably subject to in-
trinsic genetic factors rather than hormonal regulatory
factors, which may help explain the lack of egg white
OVOTR and cuticle PROTO IX relationship. However,
as we only found a positive relationship between LSM
and cuticle PROTO IX concentration in “tinted” and
“dark brown” eggs, with no association in “brown”,
“white” or “blue” eggs, we believe that a combination of
both genetic and hormonally-regulated extrinsic factors
are responsible for the observed relationship.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.
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