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ABSTRACT For healthy development, an avian em-
bryo needs the nutritional and functional molecules
maternally deposited in avian eggs. Egg white not
only provides nutritional components but also exhibits
functional properties, such as defenses against mi-
crobial invasion. However, the roles of the more de-
tailed messages in embryo development remain unclear.
In this study, a tandem mass tag labeling quantita-
tion approach was used to innovatively identify the
differential proteins in the egg whites of fresh eggs
produced by hens with divergent high/low hatchabil-
ity and in the egg whites of embryonated eggs with
healthy and dead embryos. A total of 378 proteins
were quantified in egg white, which is the most com-
plete proteome identified for egg white to date, and
up to 102 differential proteins were identified. GO en-

richment, pathway, and hierarchical clustering anal-
ysis revealed some of the differential proteins that
are the main participants in several biological pro-
cesses, including blood coagulation, intermediate fil-
ament, antibacterial activity, and neurodevelopment.
A list of 11 putative protein biomarkers, such as ker-
atin (KRT19, KRT12, KRT15, and KRT6A), which is
involved in cell architecture, and fibrinogen (fibrino-
gen alpha chain, fibrinogen beta chain, and fibrinogen
gamma chain), which is related to blood coagulation,
were ultimately screened. The current study screened
egg white proteins that can predict low hatchability
and embryonic death and deciphered the role of these
proteins in embryonic development, which is meaning-
ful for the comprehensive understanding of embryonic
growth.
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INTRODUCTION

Poultry eggs provide the material basis for embryo
development, but not every poultry embryo can hatch
successfully. The factors that affect chicken embryo
growth include the maternal effect (age, breed, and
nutritional status), egg quality (egg weight, eggshell
strength, and egg size), and incubation environment
(temperature, egg turning, and humidity) (Cavero
et al., 2011; King’ori, 2011). In the poultry industry,
hatchability is an important parameter that reflects the
reproduction performance of breeding hens. Hens of the
same breed and age often show divergent (high/low)
hatchability, even when their eggs possess the same egg
quality and are incubated in the same environment. Ge-
netic differences in the hens should be the major deter-
minant of the compositional differences in egg contents.
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The chicken embryo utilizes the nutritional and func-
tional molecules from the egg white and yolk under the
regulation of its own genes. During the first half of in-
cubation, the egg yolk is the main sources of energy and
lipoproteins for the embryo, while the egg white func-
tions as water sources and the white proteins are assimi-
lated later after transfer into other extra-embryonic tis-
sues such as yolk sac and amniotic sac (Sugimoto et al.,
1989; Akazawa et al., 2019; Da Silva et al., 2019). Be-
sides, the vitelline membrane embraces the yolk and
forms a natural physical separation from the egg white,
thus prevents the subsequent leakage of egg yolk toward
egg white (Réhault-Godbert et al., 2019). During incu-
bation, vitelline membrane supports yolk sac growth
and vascularization functioning in the nutrient trans-
fer from the yolk to embryo. Hence, these extracellular
structures play critical roles in chick embryo growth
and development. For the egg white, some functional
proteins are highly likely to be involved in embryo de-
velopment, which was supported in our previous study
in which we screened 52 conserved proteins simultane-
ously in the egg whites of chicken, duck, goose, turkey,
quail, and pigeon; these proteins were mainly related to
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responses to external stimuli, blood coagulation, cellu-
lar or vascular wound healing, and host defense (Sun
et al., 2017). Hence, egg white proteins may be very
important in providing a stable environment and pro-
tecting the early embryonic cells from death.

Chicken egg white, as a major part of eggs, con-
tains approximately 88.5% water, 10.5% proteins, and
1% carbohydrate, and inorganic ions (Romanoff and
Romanoff, 1949). During early embryo development,
the water in egg white moves into the yolk, leading to
rapid dehydration and the formation of sub-embryonic
fluid (Willems et al., 2014), which initiates the uti-
lization of proteins (Carinci and Manzoli-Guidotti,
1968). The egg white proteins mainly comprise oval-
bumin (54%), ovotransferrin (12%), ovomucoid (11%),
lysozyme (3.5%), and ovomucin (3.4%) (Kovacs-Nolan
et al., 2005). These major proteins have been uni-
versally explored in the certain fields such as food
processing, medicine, and health care. Nevertheless,
the roles that egg white proteins play, particularly
those with low abundance, in developing embryos are
unknown. With the development of proteomic analysis
technology, in the last decade, increasing numbers of
chicken egg white proteins have been detected. Ini-
tially, in 2006, Guérin-Dubiard et al. (2006) identified
16 proteins with 2-dimensional electrophoresis and liq-
uid chromatography-mass spectrometry (LC-MS/MS).
Up to now, a total of 284 egg white proteins have
been successively detected (D’ambrosio et al., 2008;
Mann, 2007; Mann and Mann, 2011). Notably, all of
these studies were performed on the egg whites of
fresh unfertilized eggs. To decipher the changes in
egg white proteins in chicken embryo development,
some researchers have performed proteomic analysis
during early incubation. Ovalbumin was observed to
have a wide range of degradation on the 7th D of
incubation (Qiu et al., 2012; Liu et al., 2015), and
some heparin-binding proteins, including lysozyme,
gallinacin-11, and beta-microseminoprotein-like pro-
tein, were degraded during the first 4 D of incubation
(Guyot et al., 2016a,b). Whereas the abundance of
vitellogenin and zona pellucida C protein significantly
increased during the first 9 D of incubation (Wang
and Wu, 2014), some protein precursors, including
ovoinhibitor, clusterin, and apolipoprotein-D, showed
a significant increase on the 7th D of incubation (Liu
et al., 2013). However, whether and how these egg
white proteins affect embryo development remains
unknown.

Here, we used a tandem mass tag (TMT) quantitative
proteomics approach coupled with LC-MS/MS to inno-
vatively explore the differential proteins in egg white
from eggs produced by hens with divergent high/low
hatchability and in egg whites from early death and
healthy embryos. This allowed us to screen the crucial
proteins that may act as valuable biomarkers to predict
low hatchability or early embryonic death, and update
our understanding of the physical mechanisms resulting
in early embryonic mortality.

MATERIALS AND METHODS

Bird Management and Sample Collection

A population derived from Rhode Island Red chick-
ens on a breeding farm of Beijing Huadu Yukou Poultry
Industry Co., Ltd., was used as the experimental flock.
This population consisted of 88 males and 704 females
(♂: ♀ = 1:8). All birds were caged individually and
subjected to a 16-h light/8-h dark cycle (16L: 8D). Egg
quality traits, including egg weight and eggshell break-
ing strength, were measured for all hens at 36 wk of
age. Then, at age 40 to 42 wk, groups of 8 hens were
artificially inseminated by a single cock, and an aver-
age of 15.5 fertilized eggs per hen was finally obtained
and incubated (38°C, 70% humidity). According to the
records on pedigree incubation and egg quality traits,
2 groups of hens (12 for each) were selected for their
divergent high/low hatchability (HH, LH; 100% vs.
<65%) but equivalent egg quality. To eliminate the ef-
fect of sperm quality on hatchability, every high/low
pair of hens was inseminated by the same cock. Then,
fresh eggs from these 24 hens were collected for 3 suc-
cessive days for the following uses: a total of 4 fresh
eggs collected from hens with hatchability of 100, 100,
50.00, and 53.33% were used for differential proteomic
analysis, and 36 eggs were used for nutritional compo-
nent measurements. The 12 LH hens were inseminated
with the mixed sperm from several cocks to allow the
collection of fertilized eggs for 5 successive days, and
a total of 47 eggs were obtained and incubated (38°C,
70% humidity). These eggs were candled from the 3rd
D to identify the healthy and dead embryos. On the
7th D, 3 healthy eggs (HE) and 3 dead eggs (DE, alive
on the 6th D) were collected for egg white protein ex-
traction and proteomic analysis. Finally, a total of 10
egg white samples were used for TMT labeling protein
identification and quantitation.

Measurements of Nutrients and Minerals

A total of 36 eggs from the HH and LH groups
(18 eggs/group) were used to measure the quantities
of nutrients and minerals in the egg whites. For each
group, egg whites from 6 eggs were mixed into one
sample for the measurements. Then, samples of the egg
whites were analyzed for water content by oven drying
(934.01), protein by Kjeldahl (N × 6.25; 925.31), fat
by acid hydrolysis (925.32), and ash by incineration
(923.03), according to the Association of Official An-
alytical Chemists (AOAC) method (AOAC, 2000).
The carbohydrate content was calculated by the dif-
ference method. Measurements of minerals containing
sodium, calcium, iron, manganese, zinc, and copper
were conducted using inductive coupled plasma atomic
emission spectroscopy according to AOAC Method
984.27 (AOAC, 2000). All nutrients and minerals in
each sample were measured by duplicate technical
repeats.
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Protein Extraction

The egg white liquid of each egg was first treated
by ultrasonic centrifugation at 4°C until clarification.
Then, 60 μL of this clear liquid was removed and added
to 1.14 mL of splitting buffer (8 M urea, 0.1% SDS,
1 × PI, 1 mM PMSF) in a 1.5-mL tube. The liquid was
homogenized by low-temperature ultrasound on ice for
at least 30 min until the liquid was clarified. Then, the
solutions were centrifuged at 4°C and 12,000 × g for
10 min. The protein concentration was determined us-
ing a BCA Protein Assay Kit (Thermo Scientific Pierce,
Rockford, IL, USA). Afterward, 100 μg of this mixture
was used in the following step.

Tandem Mass Tag Labeling

After protein extraction, protein reduction, alkyla-
tion, digestion, and labeling were performed following
the manufacturer’s instructions for TMT Mass Tagging
Kits and Reagents (Thermo Scientific Pierce, Rockford,
IL, USA) as described by Sun et al. (2017). In this
study, a total of 10 samples were individually labeled
with TMT 10-plex reagents (Thermo Scientific Pierce,
Rockford, IL, USA) using TMT-126, 127C (HH), TMT-
127 N, 128C (LH), TMT-128 N, 129C, 129 N (HE),
TMT-130C, 130 N, and 131 (DE). Figure 1 shows the
messages of the sample grouping in detail.

Fractionation of the TMT-Labeled Peptides
with an RP-C18 Chromatographic Column

The TMT-labeled peptides were fractionated by RP
chromatography using a flow rate of 0.4 to 1 mL/min
in an RP-C18 column (Thermo Scientific Pierce, Rock-
ford, IL, USA). Buffer A, consisting of 2% acetonitrile
(ACN) in water (pH = 10), and buffer B, consisting of
90% ACN in water (pH = 10), were used for gradient
elution (Supporting Information, Table S1). Fractions
were collected in a 1.5-mL tube every minute from 2
to 67 min. The samples taken from 24 to 63 min were
combined according to the chromatogram, and finally,
20 fractions were collected and dried with a vacuum
concentrator and then frozen at −80°C.

LC-MS/MS

After sufficient dissolution of each fraction, the pep-
tides were loaded on a LC-MS/MS (mass spectrome-
ter: Thermo Scientific Q Exactive, San Jose, CA, USA;
HPLC system: NCS3500, Dionex, Sunnyvale, USA).
The liquid phase was composed of buffer C, with 0.1%
formic acid in water, and buffer D, with 0.1% formic
acid in 99.9% ACN. Separation of the peptides was
achieved by the gradient elution procedure at a flow
rate of 300 nL/min for 65 min (Supporting Informa-
tion, Table S2). The mass spectrum was obtained with
a scan range of m/z 350 to 1600 and at a resolution

of 17,500 for HCD spectra for the determination of the
secondary mass spectrometry sequence.

Protein Identification and Quantification

LC-MS/MS raw data were analyzed using Proteome
Discoverer, with the SEQUEST algorithm, to conduct
dataset matching for protein identification against the
downloaded protein dataset for Gallus gallus from the
National Center for Biotechnology Information non-
redundant protein sequence database. Peptide and pro-
tein identification were filtered with a 99% confidence
level and less than 1% false discovery rate. Ultimately,
to determine the differential proteins between the HH
and LH group, HE and DE group, and LH and HE
group, proteins with a 1.5-fold change or greater dif-
ference in their abundance were defined as showing up-
and downregulation of expression, respectively.

Statistical and Bioinformatic Analysis

The differences in hatchability and egg quality traits
were examined by one-way ANOVA, and the differ-
ences in nutrient quantities were examined by t-tests
(SAS Institute, Cary, NC, USA). Protein classification
was completed by using the DAVID 6.8 tool, according
to molecular function, biological process, cellular com-
ponent, and related pathways. Hierarchical clustering
analysis was performed to identify protein abundance
changes in the differential proteins among the HH, LH,
and HE groups using the MeV tool. The workflow is
summarized in Figure 1.

RESULTS

Phenotype Comparison between the High
and Low Hatchability Groups

The first step of our study was to select 2 groups
of hens differing significantly in hatchability but not in
other traits (Table 1). The hatchability in the HH group
was 100%, which was much higher than that of the LH
group (59.30%, P < 0.01). The average hatchability of
the whole population was 88.73%, which differed sig-
nificantly from those of the HH and LH groups (P <
0.01). Other parameters that influence incubation, such
as fertility, egg weight, and eggshell strength, showed no
significant differences among the HH group, LH group,
and the whole population.

Nutrients may also influence chicken embryo devel-
opment. Here, we measured the quantities of the main
nutrients and minerals in the egg whites (Table 2). No
significant differences were observed in the quantities
of nutrients, including water, crude protein, fat, carbo-
hydrate, ash, and minerals, including sodium, calcium,
iron, manganese, and zinc, suggesting that nutritional
composition was not the key factor in the divergent
hatchability.
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Figure 1. Workflow for proteomic analysis of chicken egg whites. A total of 24 hens were selected according to their pedigree incubation and
egg quality trait records and divided into high (HH) and low hatchability (LH) groups. The quantities of major nutrients were measured in the
egg whites of these 2 groups. In addition, the eggs produced by the hens of the LH group were collected for incubation again to select the healthy
(HE) and dead chicken embryo (DE) groups. Finally, the egg whites from these 4 groups were separated and used for proteomic analysis. TMT,
tandem mass tag; and LC-MS/MS, liquid chromatography-mass spectrometry.

Quantification of Egg White Proteins

Four groups of eggs—HH and LH fresh eggs, HE and
DE on the 7th D of incubation—were used to screen
the proteomic profiles of the egg whites. A total of 378
proteins (1,041 peptides, 374 genes) were quantified
in the egg whites (Table 3 and Table S3), which was
the largest number of chicken egg white proteins quan-
tified to date. Furthermore, 15 and 39 proteins were
overrepresented in the HH and LH groups, respectively
(Table S4). For the incubated eggs, 13 and 24 pro-

teins were observed to be upregulated in the HE and
DE groups, respectively (Table S5). In addition, a
total of 35 proteins in LH fresh egg white signifi-
cantly increased after 7 D of incubation (relative to
HE egg white); simultaneously, 28 proteins decreased
(Table S6). Table 4 lists the top 20 differential pro-
teins in the HH vs. LH and HE vs. DE groups. The
differentially presented proteins between every pair of
groups showed overlap (Figure 2), such as 20 proteins
that overlapped between fresh and embryonated eggs
(HH and LH vs. HE and DE). In addition, 9 proteins



7080 WANG ET AL.

Table 1. Comparison of hatchability, fertility and egg quality traits between 2 groups.

High hatchability (12 hens) Low hatchability (12 hens) Population (704 hens)

Hatchability of fertile eggs (%)1 100A 59.30± 5.93C 88.73± 10.45B

Fertility (%)2 95.40± 5.32 92.72± 8.35 95.65± 5.33
Egg weight (g)3 55.77± 3.25 58.44± 4.37 57.48± 3.81
Eggshell strength (kg/cm2)3 3.165± 0.692 3.234± 0.610 3.237± 0.658

A–CMeans values with no common superscripts within each row differ significantly (P < 0.01) when tested with one-way
ANOVA. All values are shown as mean ± SD except the hatchability of 100%.

1The hatchability of each hen was calculated by an average of 15.5 fertilized eggs.
2The fertility of each hen was calculated by an average of 16.2 eggs.
3The results were measured by 3 eggs per hen in all the 3 groups.

Table 2. Nutrient and mineral composition in egg whites of 2 groups.

Nutrients
High hatchability

(6 eggs/sample, 3 samples)
Low hatchability

(6 eggs/sample, 3 samples) P-Value

Water(g/100 g) 88.40± 0.36 88.83± 0.74 0.4121
Protein(g/100 g) 8.51± 0.31 8.11± 0.70 0.4127
Fat (g/100 g) 0.040± 0.034 0.019± 0.009 0.3484
Carbohydrate(g/100 g) 2.63± 0.45 2.43± 0.81 0.7287
Ash(g/100 g) 0.63± 0.03 0.64± 0.03 0.2054
Na(g/kg) 1.890± 0.121 1.927± 0.072 0.6761
Ca(mg/kg) 35.90± 4.52 41.23± 4.12 0.2054
Cu(mg/kg) 0.069± 0.010 0.079± 0.008 0.2216
Fe(mg/kg)1 <3 <3 –
Mn(mg/kg)1 <0.3 <0.3 –
Zn(mg/kg)1 <2 <2 –

1The contents of Fe, Mn, Zn in egg white was lower than threshold detection limit.

Table 3. Description of quantified proteins (peptides) in chicken egg whites.

Fresh eggs1 Incubated eggs (7 D)1

HH LH HE DE

Identified proteins 395
Quantified proteins 378
Quantified peptides 1041

HH vs. LH HE vs. DE LH vs. HE
Upregulated2 15 13 28
Downregulated2 39 24 35
Total number 54 37 63

1HH, high hatchability group; LH, low hatchability group; HE, healthy embryo group; and DE, dead
embryo group.

2Upregulated: fold change (FC) ≥ 1.5; downregulated: FC ≤ 2/3.

were observed in all 3 comparisons, and a total of 102
proteins were present in at least one comparison.

Enrichment Analysis of Differential Proteins

GO enrichment and pathway analysis were conducted
using the DAVID 6.8 tool with a Bonferroni P-value <
0.05 (Table 5) to evaluate the potential functions of
these differential proteins. The upregulated proteins in
the LH group were first clustered in GO terms related
to blood coagulation process, including 4 terms: blood
coagulation and fibrin clot formation (GO: 0072378),
fibrinolysis (GO: 0042730), positive regulation of het-
erotypic cell adhesion (GO: 0034116), and plasmino-
gen activation (GO: 0031639). This finding is consis-

tent with the enriched reactome pathway of platelet
degranulation (r-gaa-114608), which indicates blood co-
agulation and cellular or vascular injury. Additionally,
the upregulated LH proteins were enriched for chylomi-
cron (GO: 0042627), very low-density lipoprotein par-
ticle (GO: 0034361), nutrient reservoir activity (GO:
0045735), and lipid transporter activity (GO: 0005319).
However, for the proteins that were upregulated in the
HH group, only 1 term, intermediate filament (GO:
0045111), was enriched; this term encompassed 3 types
of keratins mainly expressed in epithelial tissue and par-
ticipating in cytoskeleton formation.

Proteins that significantly decreased after 7 D of in-
cubation relative to fresh eggs (LH vs. HE) were only
markedly enriched for the term defense response to
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Table 4. Description of the top 20 differentially presented proteins in each comparison.

Accession Description Gene symbol Unique peptides Fold change

HH vs. LH1

NP_989,992.1 Ovomucin precursor MUC5B 3 +5.66
XP_0,03642131.2 Collagen alpha-1(XXIII) chain COL23A1 1 +3.04
NP_990187.1 Neuronal growth regulator 1 precursor NEGR1 2 +2.25
XP_01515,5141.1 Keratin, type I cytoskeletal 47 kDa isoform X2 KRT12 2 +2.12
NP_001001312.2 Keratin, type I cytoskeletal 15 KRT15 1 +2.05
XP_001233972.1 Keratin, type I cytoskeletal 19 KRT19 1 +2.04
XP_015155851.1 Keratin 6A isoform X2 KRT6A 2 +1.80
NP_989508.1 L-lactate dehydrogenase B chain LDHB 1 +1.80
XP_015149381.1 Pancreatic secretory trypsin inhibitor-like LOC101749216 1 +1.75
XP_419762.5 Mannosyl-oligosaccharide 1,2-alpha-mannosidase IA MAN1A1 3 +1.60
XP_015148167.1 Alpha-2-macroglobulin A2M 1 −8.20
NP_001161155.1 Fibrinogen beta chain precursor FGB 2 −5.50
NP_001001195.1 Keratin, type II cytoskeletal 5 KRT5 2 −4.57
NP_990687.2 Fibrinogen alpha chain isoform 2 precursor FGA 5 −4.05
XP_003642540.2 Whey acidic protein-like isoform X2 LOC771972 1 −3.99
NP_990320.2 Fibrinogen gamma chain precursor FGG 2 −3.46
XP_004935550.1 Angiotensinogen AGT 1 −3.08
XP_015129390.1 Myosin-7-like, partial LOC101749246 1 −2.94
XP_015148426.1 Filamin-B isoform X4 FLNB 1 −2.49
NP_990814.2 Apovitellenin-1 precursor APOV1 5 −2.45

HE vs. DE2

NP_990269.1 Apolipoprotein A-IV precursor APOA4 1 +12.07
XP_001235178.3 Uncharacterized protein LOC771972 isoform X3 LOC771972 1 +9.95
XP_015148426.1 Filamin-B isoform X4 FLNB 1 +5.41
XP_003642540.2 Whey acidic protein-like isoform X2 LOC771972 1 +3.59
NP_989865.1 Ovocalyxin-32 precursor RARRES1 7 +3.35
XP_004935550.1 Angiotensinogen AGT 1 +2.46
NP_990651.1 Avidin precursor AVD 11 +2.24
XP_003641562.1 Beta-microseminoprotein-like LOC100858647 2 +1.77
NP_001004399.1 Lymphocyte antigen 86 precursor LY86 8 +1.75
XP_015128741.1 Succinate dehydrogenase assembly factor 1, mitochondrial SDHAF1 1 +1.64
NP_990814.2 Apovitellenin-1 precursor APOV1 5 −6.89
NP_001038098.1 Apolipoprotein B precursor APOB 122 −5.09
NP_001026447.1 Vitellogenin-2 precursor VTG2 69 −4.46
NP_001004390.1 Hemoglobin subunit rho HBBR 1 −4.24
XP_015129008.1 Vitelline membrane outer layer protein 1 homolog LOC107049720 1 −3.55
NP_001004408.1 Vitellogenin-1 precursor VTG1 40 −3.52
XP_015146355.1 Vitellogenin-3 VTG3 25 −3.00
NP_001034255.1 Surfactant protein A1 precursor SFTPA1 1 −2.51
NP_001001313.2 Keratin 6A KRT6A 1 −2.23
NP_990340.2 Keratin, type I cytoskeletal 19 KRT19 1 −2.12

1HH, high hatchability group; LH, low hatchability group.
2HE, healthy embryo group; DE, dead embryo group.

Figure 2. Venn diagrams for the shared and specific differential pro-
teins in 3 comparisons. HH, high hatchability group; LH, low hatcha-
bility group; HE, healthy embryo group; and DE, dead embryo group.

bacterium (GO: 0042742), indicating the gradual de-
cline of antimicrobial proteins in egg white during em-
bryo growth. In addition, 3 fibrinogen proteins (fibrino-
gen alpha chain (FGA), fibrinogen beta chain (FGB),

and fibrinogen gamma chain (FGG)) that were en-
riched under the term blood coagulation (GO: 0072378
and GO: 0034116) declined after incubation (HE) rel-
ative to unincubated eggs (LH). Finally, between HE
and DE, 5 proteins were overrepresented in the DE
group (APOV1, APOB, VTG1, VTG2, and VTG3)
and were enriched in terms of nutrient reservoir ac-
tivity (GO: 0045735) and lipid transporter activity
(GO: 0005319).

Hierarchical Clustering Analysis
of Differential Proteins

During the analysis, certain proteins such as keratins
(KRT6A, KRT12, and KRT15) were observed to be
overrepresented in HH relative to the LH group, but
after 7 D incubation of LH eggs (HE), these proteins
had significantly increased to levels equivalent to those
in HH, indicating the positive roles of these proteins
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Table 5. GO terms and pathways of differential proteins in chicken egg whites.

Description1 GO terms2 Count Bonferroni Gene symbol

Upregulated in HH compared to LH
Intermediate filament C:0045111 3 6.00E-03 KRT12, KRT14, KRT15

Downregulated in HH compared to LH
Blood coagulation P:0072378 4 1.40E-04 APOH, FGA, FGB, FGG

P:0042730 5 1.60E-05 APOH, FGA, FGB, FGG, PLG
P:0034116 3 1.80E-02 FGA, FGB, FGG
P:0031639 4 1.70E-03 APOH, FGA, FGB, FGG

Nutrient reservoir activity F:0045735 4 1.00E-05 APOV1, VTG1, VTG2, VTG3
Lipid transporter activity F:0005319 5 3.90E-03 APOA1, APOB, VTG1, VTG2, VTG3
Extracellular exosome C:0070062 17 9.50E-06 ALB, AMBP, AGT, APOA1, APOB, APOH, FGA,

FGB, FGG, FLNB, GC, IGFBP7, KRT19, LGMN,
RARRES1, TTR, VTN

Plasma lipoprotein particle C:0042627 4 6.10E-05 APOA1, APOB, APOH, APOV1
C:0034361 4 2.10E-04 APOA1, APOB, APOH, APOV1

Reactome pathway for downregulated proteins in HH compared to LH
Platelet degranulation R-gaa-114608 7 1.30E-05 ALB, APOA1, APOH, FGA, FGB, FGG, PLG

Downregulated in HE compared to LH
Defense response to bacterium P:0042742 5 1.70E-03 OvoDA1, AvBD11, AVD, FGA, FGB
Blood coagulation P:0072378 3 9.80E-03 FGA, FGB, FGG

P:0034116 3 3.00E-03 FGA, FGB, FGG

Downregulated in HE compared to DE
Nutrient reservoir activity F:0045735 4 6.80E-07 APOV1, VTG1, VTG2, VTG3
Lipid transporter activity F:0005319 5 6.60E-03 APOV1, APOB, VTG1, VTG2, VTG3

1HH, high hatchability group; LH, low hatchability group; HE, healthy embryo group; and DE, dead embryo group.
2GO term categories: biological process (P), molecular function (F), and cellular component (C). GO term enrichment and pathway analysis were

performed on DAVID 6.8 tool, https://david.ncifcrf.gov/.

in embryo development. Hence, hierarchical clustering
analysis was then performed on 92 differential proteins
among the HH, LH, and HE groups to reveal the major
patterns of protein changes. As seen in the dendrogram
plot of Figure 3, 6 clusters corresponding to the differ-
ent patterns of protein changes were obtained for these
3 groups. Cluster A and cluster D consisted of proteins
that differed significantly before and after incubation.
Specifically, cluster A showed the apparent decline of
16 proteins after 7 D of incubation, whereas cluster D
contained 26 proteins that increased during early incu-
bation. Cluster B and cluster E were more interesting.
A total of 20 proteins in cluster B were overrepresented
in LH relative to the HH group, but after 7 D of incu-
bation of the LH eggs (HE), these proteins significantly
decreased and were equivalent to the levels observed in
HH, indicating the high abundance of these proteins
could be regarded as a signal of low hatchability. Clus-
ter E, which consisted of 10 proteins opposite to clus-
ter B, showed the same changes as those described for
keratin content in the above text. These proteins may
predict the healthy development of chicken embryos. Fi-
nally, cluster C and cluster F showed large differences
between the HH and LH groups, but little difference
was found in protein abundance before and after incu-
bation (LH vs. HE). The distinct variation patterns in
the proteins contributed to screen typical proteins in
egg white associated with hatchability and embryonic
development.

To further dissect the potential functions of these
92 proteins, we searched gene annotations, the litera-
ture and functional domain databases and eventually
classified the proteins into 4 functional groups, includ-
ing blood coagulation, nutrient transport, antimicro-
bial and immunity, cell/tissue development, and others
(Table 6). The proteins related to blood coagulation
and nutrient transport were mainly found in cluster
B. The proteins participating in antimicrobial activity
were distributed in almost all clusters, indicating that
antibacterial activity occurred in both fresh and devel-
opmental eggs but was executed by different proteins.
Finally, 39 proteins could not be assigned to any of
these 4 functional groups but rather had other roles.

Putative Protein Biomarkers for Embryo
Development Status

According to GO, pathway, and clustering analysis,
and in combination with literature and database search-
ing for each protein, a total of 11 proteins were deter-
mined to be plausible biomarkers for healthy embryo
growth or early death; these proteins were related to
cytoskeleton formation, blood coagulation, neurodevel-
opment and antibacterial activity. The functional de-
scription and annotation of these proteins are shown in
Table 7, and their potential roles are explored subse-
quently in the discussion section.

https://david.ncifcrf.gov/
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Figure 3. Hierarchical classification analysis of 92 differential proteins in the egg albumen of unfertilized eggs produced by hens differing in
hatchability (HH and LH) and embryonated eggs with healthy embryos (HE). Dendrogram (left) and graphs of the 6 clusters (right) showed the
variation patterns of differential proteins for the HH, LH, and HE groups. HH, high hatchability group; LH, low hatchability group; and HE,
healthy embryo group.

DISCUSSION

Egg white, which surrounds the yolk, maintains a se-
cure and stable environment for the developing embryo.
Previous studies have reported that egg white compo-

nents are indispensable for the start of development
(Willems et al., 2014). Hence, proteins in the egg
white should be closely associated with embryonic
development. In the current study, we used a TMT
labeling quantitation approach to identify differentially
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Table 6. Potential functions of egg white proteins of 6 clusters.

Potential functions for embryo

Cluster1
Blood

coagulation
Nutrient
transport

Antimicrobial
and immunity

Cell/tissue
development Others

A (16 proteins) AvBD11
DMBTIL3
AVD
SPIK5
PTN

CDH1
PTN
ATF6

DMBT1L, CDH1,
OvoDA1, DNAH5,
KLHL3, FAM81B,
OVODB1

B (20 proteins) FGA
FGB
FGG
PLG

APOV1
APOB
VTG2
VTG3
APOA1

C3
A2M
A2ML4

TLL2
APOA1
IGFBP7
APOB
KRT5

SUMF1, LOC101749246,
LOC107049720, KRT19,
LGMN

C (16 proteins) APOH
ALB

VTG1 PIT54
LOC395381
LOC100858647
GC

AGT
TTR

SDHAF1, BUD13, AMBP,
VTN, SLC1A7, KRT6A,
LOC771972

D (26 proteins) APOA4
LDHB

JCHAIN
ASTL
WFDC2L
BPIFB2
APOA4

RARRES1
FLNB
EIF4G1
UBB
BPIFB2
SZT2
KRT14

LOC426220,
LOC107050180, CFD,
CUL2, LOC771972,
GAPDH, FANCM,
HEP21, ENO1, HMOX1,
ZP3, ZP1, UMOD,
LOC107055417

E (10 proteins) BPIFCB
ABCC13
COCH

KRT19
KRT12
KRT15
KRT6A

TPP1, NEGR1, MAN1A1

F (4 proteins) MUC5B TOR3A, COL23A1,
LOC101749216

1The clusters of A to F correspond to the 6 clusters in Figure 3, respectively. And the proteins are showed by their corresponding gene names.

Table 7. Description of 11 protein biomarkers involved in embryo development.

Functional class Protein name (Gene symbol) Annotation

Intermediate filament Keratin, type I cytoskeletal 47 kDa isoform X2
(KRT12)1

Expressed in epithelial tissue and participate in forming
cytoskeleton

Keratin, type I cytoskeletal 15 (KRT15)
Keratin, type I cytoskeletal 19 (KRT19)
Keratin 6A isoform X2 (KRT6A)

Neurodevelopment L-lactate dehydrogenase B chain (LDHB) Expressed in embryo glycogen body
Neuronal growth regulator 1 precursor (NEGR1) Promotion neurite growth and development

Blood coagulation Fibrinogen alpha chain (FGA) Crucial coagulation proteins in hemostasis and clot formation
Fibrinogen beta chain (FGB)
Fibrinogen gamma chain (FGG)

Antimicrobial Alpha-2-macroglobulin (A2M) Inhibit a broad spectrum of proteases
Ovomucin precursor (MUC5B) Potential effector of innate immunity

1Bold items are proteins that are favorable to embryo development when overrepresented.

presented proteins in the egg whites of fresh eggs
produced by hens with high and low hatchability (HH
and LH) and in the egg whites of embryonated eggs
with healthy and dead embryos (HE and DE).

Several criteria were set in the high/low hatchability
model that was used in the current study. First, all hens
of the same age and breed were reared under the same
conditions, eliminating the effects of breed, age and en-
vironment on hatchability. In addition, each pair of hens
with high/low hatchability was artificially fertilized by
sperm from the same male bird to correct for the impact

of sperm quality. In addition, the hens were also selected
based on their egg quality traits to ensure the same
egg quality between 2 groups. Finally, previous studies
noted that some mineral elements such as sodium, cal-
cium, iron, manganese, zinc, and copper are vital to the
developing embryo (Miles, 2000; Vieira, 2007; Uni et al.,
2012). Hence, nutrients, including water, proteins, car-
bohydrate, fat, and the abovementioned minerals, were
measured in the egg whites, and no differences were ob-
served. These criteria allowed us to screen the crucial
proteins related to embryo development.
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When compared HH to LH group, it is noteworthy
that some yolk proteins such as FGA, FGB, FGG,
A2M, APOV1, and myosin (Mann and Mann, 2008;
Farinazzo et al., 2009) were the six of top 10 proteins
overexpressed in the egg white of LH group (Table 4),
which reflects that these proteins could transfer from
the egg yolk to the white by crossing the vitelline mem-
brane. The vitelline membrane forms fibrous structure
network and consists of three layers (Hincke et al.,
2019). The inner layer is secreted by ovarian granulosa
cells, the middle and outer layers are in the infundibu-
lum of the oviduct after ovulation (Waclawek et al.,
1998; Takeuchi et al., 1999). It is highly possible that
the ovarian and oviduct of LH hens have some defects
in the structure or some disorders and deteriorations in
the function, which impairs the integrity of the vitelline
membrane and results in leakage from the egg yolk to
the white. Similarly, in the comparison HE/DE, most
of the top 10 upregulated proteins in DE group are
the most abundant egg yolk proteins, such as APOV1,
APOB, VTG1, VTG2, and VTG3, as well as main yolk
sac protein hemoglobin subunit rho (Yadgary et al.,
2014) and vitelline membrane major protein vitelline
membrane outer layer protein 1 (VMO1) homolog
(LOC107049720) (Mann, 2008) (Table 4). During chick
embryo development, the cell layers of mesoderm and
endoderm form the definitive wall of yolk sac and
blood vessels are developed on the mesoderm next to
the endoderm (Baggott, 2009). During incubation, the
structure of yolk sac replaces the vitelline membrane
gradually during the early incubation with a decrease
in the strength and rupture of vitelline membrane. The
results indicated the vitelline membrane and yolk sac
of DE group more tend towards structural alteration.
Schäfer et al. (1998) reported that solubilization of
the vitelline membrane outer proteins (VMO1 and
VMO2) from the membrane may lead to deterio-
ration of the vitelline membrane. Coincidently, the
VMO1 homolog was overexpressed in the LH and DE
(Table 4, Table S5), may due to VMO1 homolog from
the vitelline membrane disintegrates and transfers to
the egg white, in turn, which could verify vitelline
membrane deterioration results in embryonic death.
The abundance of these differential proteins in egg
white may reflect the oviduct defects of hens during egg
formation or vitelline membrane structure alteration
during incubation.

These considerations along with the hierarchical clus-
tering analysis for differential proteins in egg white of
HH, LH, and HE, facilitates to screen some specific pro-
teins closely related to embryonic growth and develop-
ment. During the evolution of avian, epidermal kera-
tinization of the avian skin formed feathers, beaks, and
claws for adaptation to the environment and to satisfy
the need to forage and fly. Keratin is the predominant
component of these epidermal derivatives, which are
shaped as early as during avian embryo development. In
our study, 4 types of keratins (KRT6A, KRT12, KRT15,
and KRT19) were overrepresented in the HH and HE

groups, and one type of keratin (KRT14) increased after
7 D of incubation, suggesting that these keratin proteins
upregulated expressions reflect chicken embryo normal
growth. Moreover, keratins are expressed in most ep-
ithelial cells and belong to the intermediate filament
(GO: 0045111), which is a complex dynamic network
that controls cell architecture, cell adhesion, cell mi-
gration and cell differentiation (Gruenbaum and Aebi,
2014; Lowery et al., 2015). In developing murine em-
bryos, keratin turnover and keratin rearrangement oc-
cur in the period of cell division during the formation
of the first epithelial tissue (Schwarz et al., 2015). Ker-
atins contribute to maintaining the structural and func-
tional integrity of the epithelial tissue. Keratin-deficient
mouse embryos died from severe growth retardation or
restricted cytolysis in the trophoblast layer at ED9.5
(Hesse et al., 2000; Vijayaraj et al., 2009), and mosaic
knock-out mice only survived for 12 D when suffering
extensive epidermal damage (Bar et al., 2014). In our
study, keratins showed a significantly low presence in
the LH group, indicating deficient keratin could also
closely relate to early chicken embryo development.

Neurodevelopment is an important part of embryonic
growth in animals. Some proteins associated with neu-
rodevelopment displayed upregulation in the HH and
HE group relative to the LH group. For example, neu-
ronal growth regulator 1 (NEGR1), a subgroup named
IgLON of the immunoglobulin superfamily of cell adhe-
sion molecules, functions to regulate neuronal develop-
ment and synapse formation (Tan et al., 2017). It has
been reported recently that NEGR1 may affect neu-
ronal growth by promoting neurite growth and control-
ling the development of neurite arborization (Pischedda
et al., 2014; Singh et al., 2018). Pischedda et al. (2014)
reported that NEGR1 expression markedly increased
during maturation of cortical neurons from mouse em-
bryos in vitro and mice in vivo, and its downregulation
resulted in a significant decrease in the length and num-
ber of neurite processes in vivo. In the current study, the
elevated abundance of NEGR1 after 7 D of incubation
(HE group) indicates the vital role of NEGR1 in the
facilitation of embryo neurodevelopment. In addition,
another 2 proteins—chicken protein TENP (BPIFB2)
and L-lactate dehydrogenase B chain (LDHB)—have
very close connection with embryo normal development.
BPIFB2 was first identified as a nearly embryonic pro-
tein that is transiently expressed in neural precursor
cells in the retina and the brain, representing 2 cell
types in the vertebrate central nervous system (Yan
and Wang, 1998). L-lactate dehydrogenase B chain is
a subtype of lactate dehydrogenase (LDH), which is
the enzyme that catalyzes the interconversion of pyru-
vate and lactate. Imagawa et al. (2006) reported that
LDHB mRNA was the only subtype of LDH expressed
in the embryo glycogen body (acting as a nutrient reser-
voir in chicken central nervous system) during all em-
bryonic periods (measured after 12 D of incubation).
Hence, the proteins NEGR1, BPIFB2, and LDHB in
egg white were expected to transfer into the amniotic
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sac and support nutrients and to protect and promote
nervous system development in the chicken embryo.

Some proteins in egg white relate to early embryonic
death. Our results indicate that the high abundance of
proteins relating to blood coagulation (GO: 0072378) or
platelet degranulation (r-gaa-114608) negatively affects
embryo growth. Among these proteins, the fibrinogen
family proteins (FGA, FGB, and FGG), which varied
from 3.46 to 5.50 times higher in the LH than the HH
group in our study (Table 4), are most crucial for co-
agulation in hemostasis and clot formation. The coag-
ulation system is a basic physiological defense mecha-
nism that prevents blood loss following vascular injury
(Esmon, 2004; Gentry, 2004). However, blood coagula-
tion is also known to be a major risk factor in throm-
bogenesis (Cho et al., 2003). Brodsky (2002) reported
that lack of fibrinogen in mice resulted in normal em-
bryonic development, a finding that is inconsistent with
our results, which showed that a low abundance of fib-
rinogen was found in the HH and HE groups. In hu-
mans, elevated fibrinogen plasma levels are known to
be an independent predictor of mortality in patients
with chronic kidney disease (Schuett et al., 2017). El-
evated fibrinogen concentrations result in denser fibrin
fibers and stiffer clots, which are more difficult to lyse
and are associated with elevated mortality in chronic
kidney disease (Martinez et al., 2013). In our study, 7
upregulated proteins in the LH group were classified
into platelet degranulation, which refers to blood coag-
ulation and cellular or vascular wound healing. One of
the mechanisms for embryonic death in animals is is-
chemic or coagulation oncosis, which is a premortality
process (Majno and Joris, 1995; Betts and King, 2001;
Van Cruchten and Van Den Broeck, 2002). Platelet de-
granulation has been proven to increase in the acute and
convalescent phases after ischemic stroke or transient
ischemic attack (Mccabe et al., 2004), suggesting that
early embryo death might result from ischemic necro-
sis caused by stresses to the fibrinogen concentration.
From the above, we hypothesize that high levels of fib-
rinogen might closely relate to the early embryo death
of chickens by accelerating the formation of denser clots.

Certain proteins with antimicrobial activity were also
identified as biomarkers affecting embryo development.
Antimicrobial proteins are widespread in nearly ev-
ery component of the egg, including the cuticle (Rose-
Martel et al., 2012; Mikšík et al., 2014), eggshell mem-
brane (Cordeiro and Hincke, 2016), egg white, egg yolk
(Réhault-Godbert et al., 2014), and vitelline membrane
(Mann, 2008). In the present study, antimicrobial pro-
teins were also present in the egg whites of almost all
of the 6 clusters. Some of these overabundant proteins
could forecast high hatchability or healthy embryo, such
as ovomucin precursor (MUC5B) and BPIFB2, which
showed higher abundance in the HH or HE group.
Ovomucin, accounting for 3.4% of the total egg white
proteins, is believed to be responsible for gel proper-
ties and viscosity of fresh eggs and be involved in egg
white thinning (Omana et al., 2010). Ovomucin pre-

sumably binds heparin and functions as a potential
effector of innate immunity that would participate in
protecting eggs against pathogenic microorganisms
(Guyot et al., 2016a). Some evidences show that the
glycopeptides derived from ovomucin exert antibacte-
rial activity (Watanabe et al., 1998; Kobayashi et al.,
2004). In our study, its precursor, MUC5B, displayed
a maximum fold change (+5.66) between the HH and
LH groups. Hence, we hypothesized that MUC5B might
also have antibacterial activity and be connected to the
normal development of chicken embryo. Another pro-
tein, BPIFB2, also named TENP, which belongs to the
bactericidal permeability-increasing protein superfam-
ily, contains a bactericidal permeability-increasing pro-
tein domain that binds to and neutralizes lipopolysac-
charides from the outer membrane of gram-negative
bacteria, eventually leading to death of bacteria.
Whenham et al. (2014) documented that the expression
of TENP is restricted to the magnum of the oviduct and
the protein TENP is a major component of egg, espe-
cially the white. This protein increased during early em-
bryonic development, which would concur with previous
study that TENP protein in egg white increases dur-
ing the rapid embryonic growth period (ED7∼ED16)
(Liu et al., 2015). BPIFB2, with high sequence iden-
tity (58%) to the emu protein TENP, which exhibits
antibacterial activity against gram-positive bacteria
(Maehashi et al., 2014), recently has been reported to
be an antibacterial protein (Guyot et al., 2016a) dur-
ing chicken embryo early development. Kinoshita et al.
(2016) revealed that TENP was identified as the gene
encoding chicken egg white ovoglobulin G2 (G2), and
the sequence of the G2B band was observed to be iden-
tical to that of TENP. Moreover, variations in the G2
protein correlated to hatchability and the embryonic
fatality rate. In our study, TENP was overabundant
in eggs held with healthy embryos (HE), further sug-
gesting that an overabundance of TENP in egg whites
embryonic development. In contrast, other proteins,
such as complement C3 precursor (C3) and alpha-2-
macroglobulin (A2M), were overabundant in the LH
group. A2M, which functions as a broad-spectrum
protease-binding protein (Armstrong and Quigley,
1999), is synthesized only by the oviduct and accumu-
lates in egg whites (Nagase et al., 1983). Recently, A2M
has been proposed to be a maternally derived immune
factor present in eggs of various species, protecting de-
veloping embryos against pathogenic attack (Wen et al.,
2005; Hathaway et al., 2010; Pathirana et al., 2016). In
our study, it is surprising that the abundance of A2M in
the LH group was 2.74 and 8.20 times higher than that
in the HE and HH groups (Table S6, Table 4), respec-
tively. However, the mechanisms underlying this result
need further research. C3, a member of the A2M family,
is the central component of the innate immune system
and provides important links with adaptive immunity
(Carroll, 2004). Georgiou et al. (2011) documented that
the C3 present in embryo culture medium plays a neg-
ative role in early embryonic development in porcine
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species. Hence, in our results, overabundant C3 in the
LH group was considered to be unfavorable for chicken
embryos.

CONCLUSION

The present study for the first time screened the cru-
cial egg white proteins involved in embryo development
with MS-based protein quantification technology. Cru-
cial egg white proteins participating in cell architecture
(KRT19, KRT12, KRT15, and KRT6A) and blood co-
agulation (FGA, FGB, and FGG) could play critical
roles in chicken embryo development or early death.
Our study provides a better understanding of the ma-
ternal genetic determinants of the variance of offspring
hatchability. The final list of candidate proteins should
be considered as key biomarkers in the further study of
embryo development.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.

Table S1. Gradient elution for peptide pre-separation.
Table S2. Gradient elution for liquid chromatography.
Table S3. Description of identified proteins in egg

white of 4 different egg states.
Table S4. Proteins with at least 1.5-fold change abun-

dance in HH versus LH.
Table S5. Proteins with at least 1.5-fold change abun-

dance in HE versus DE.
Table S6. Proteins with at least 1.5-fold change abun-

dance in LH versus HE.
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