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TMT-based quantitative proteomic analysis unveils uterine fluid difference in
hens producing normal and pimpled eggs
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ABSTRACT Eggshell is a crucial indicator of egg
quality. Pimpled eggs (PE) a type of eggshell defect are
characterized by low eggshell strength, leading to sub-
stantial financial losses. Eggshell formation occurs in the
uterine fluid (UF'), which contains the required ions and
matrix proteins However, the underlying mechanisms of
PE formation remain poorly understood. In this study,
we analyzed the egg quality of PE, and normal eggs
(NE) by examining the differences in UF from hens pro-
ducing PE and NE (n = 6 each). This 2-wk-long assess-
ment involved histomorphological and proteomics
analyses. The results showed that NE had better egg-
shell quality compared to PE, and the uterus structure

in PE hens was conducive to the formation of PE. Using
quantitative proteomic analysis, we identified 68 differ-
ential abundance proteins (DAPs) in the UF of PE
hens, including 9 key proteins related to ion transport,
protein synthesis and folding, and immunity. Downregu-
lation of CALM1 and SCNNI1G proteins in PE hens
might have negatively affected the calcium signaling
pathway, decreasing the calcium amount in UF. Addi-
tionally, the PHB1 and TSN proteins may affect eggshell
formation by regulating immune responses. Taken
together, our results provide insights into the mecha-
nism of PE production, with potential applications for
enhancing eggshell quality.
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INTRODUCTION

Chicken eggs, mainly composed of shell (including
membrane), albumen, and yolk, are considered a signifi-
cant source of animal protein for humans (Ahmed et al.,
2021; Pan et al., 2021; Zhang et al., 2022). Eggshell pro-
vides mechanical protection to egg contents while ensur-
ing gas exchange and calcium for the developing embryo
(Hahn et al., 2017). Eggshell, an important indicator of
egg quality, is closely monitored in the poultry industry
to prevent financial losses from damage during transpor-
tation and storage (Wang et al., 2021). Pimpled eggs
(PE), however, are a defect characterized by the pres-
ence of extra-calcified granules on either end of the egg-
shell. PE have weaker shells and are more susceptible to
breaking compared to normal eggs (NE) under the same
conditions (Liu et al., 2017a,b). The strength of the egg-
shell weakens further if the pimples are removed from
the surface of PE (Roland Sr et al., 1975). This causes
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the leakage of egg contents, raising concerns about food
quality and safety.

The process of egg formation in the ovaries and fallo-
pian tubes takes about 24 to 25 h in hens, with the egg-
shell formation being the longest stage, requiring about
20 h in the uterus, while the needed substances are
derived from uterine fluid (UF) (Wasserman et al.,
1991). The eggshells are a special bioceramic material
consisting of highly ordered calcification layers containing
3.5% organic matrix proteins and 95% calcium carbonate
(CaCOj3) (Marie et al., 2014). Scanning electron micros-
copy of the eggshell consists of different layers in its ultra-
structure, from inside to outside: eggshell membranes,
mammillary layer, palisade layer, vertical crystal layer,
and cuticle. For study purposes, the eggshell can be
divided into 2 distinct layers, mammillary and effective
layers (Nys et al., 2010; Hincke et al., 2012). The entire
process of eggshell formation involves 3 distinct stages:
the incipient stage (lasting about 5 h) involving the for-
mation of the mammillary layer, the linear calcification
stage (taking about 12 h) involving the formation of the
palisade layer, and the termination stage (lasting about
1.5 h) involving pigmentation (Nys et al., 2004; Marie
et al., 2015). The mineralization of the mammillary and
palisade layers is the most critical aspect of eggshell for-
mation, and, at that time, conditions of the uterus
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directly affect the quality of the eggshell. The CaCOs5 pre-
cursors during mineralization mainly originate from car-
bon dioxide (CO,) and calcium ions (Ca®") in the blood
(Zhang et al., 2017). The uterine gland cells transfer COy
and Ca?" to the UF. Endometrium atrophy, which can
be a result of an increase in uterus cilia length or
decreased secretion of gonadal hormones, can reduce the
regenerative capacity of the endometrial cells, declining
the function of different ion channels in the uterine gland
cells (Huntley and Holder, 1978; Woudstra and Thomson,
2002). This may particularly cause abnormal transport of
calcium ions, resulting in disordered CaCQO; deposition
and eggshell defects such as speckles, cracks, and pimples
(Zhu et al., 2019). Previous research suggests that genetic
factors are the main causes of eggshell defects (Wolc
et al., 2012). However, the mechanism of PE production
remains unclear. Searching for specific proteins in the
uterus that regulate eggshell quality can help us under-
stand the mechanism of PE production with potential
applications for improving eggshell quality in subsequent
generations of layer-breeding stock .

UF serves as a medium between eggshell and hen, reg-
ulating eggshell calcification. Particularly, during the
rapid deposition stage, UF may have a closer relation-
ship with eggshell quality. Some previous proteomic
studies have examined the eggshells of PE and NE. In
this study, we used 160-day-old Langshan laying hens,
to examine the difference in uterine tissue and UF of
NE- and PE-producing hens. The quality of PE and NE
was also examined. Furthermore, we used TMT-based
quantitative proteomics to detect differential proteins in
the UF of hens producing PE and NE. Our data uncover
key factors involved in the production of PE.

MATERIALS AND METHODS
Birds Management

All animal studies protocols were approved by the
institutional animal care committee of Yangzhou Univer-
sity (Jiangsu, China). In this study, we used the Lang-
shan laying hens (Gallus gallus) that were raised in the
Rudong County Langshan chickens Breeding Farm (Nan-
tong, Jiangsu, China). In total, three thousand 160-day-
old Langshan laying hens were caged individually and
subjected to a photoperiod of 16-h light and 8-h darkness.
The feed formula (Supplementary Table S1) was pre-
pared according to NRC recommendations (1994).

Selection of Hens and Sample Collection

All the eggs (NE, PE, broken and cracked eggs, etc.)
were collected, counted, and recorded during the entire
laying period daily. In addition, the PE production rate
per day was calculated. The entire egg-laying process
was divided into 3 distinct stages based on the age of lay-
ing of hens: the early stage (135—176 d), the middle
stage (177—419 d), and the later stage (420—448 d).
During the 2-wk egg collection period, the cages contain-
ing NE and PE (the eggshell area had >40% pimples)

were recorded (Figure 2). From the laying hens, 6 laying
hens that continuously laid NE were selected as the NE
group and 6 laying hens that continuously laid PE were
selected as the PE group. Six hens from each group were
sacrificed by cervical dislocation, and their uteri were
collected for uterine structure analysis. Subsequently,
the uterus was cut open with sterile scissors, to collect
the UF, which was rapidly frozen in liquid nitrogen and
stored at —80°C until further use.

Examination of Egg Traits and Eggshell
Ultrastructure

Six eggs per group were collected, and all measure-
ments were made on the day of sampling. Egg weight,
yolk weight, yolk color, albumen height, and haugh unit
were estimated using an egg analyzer (EMT-5200,
Robotmation, Co., Ltd., Tokyo, Japan). The egg shape
index (length/width) was calculated using a caliper.
Eggshell breaking strength was determined using an
Eggshell Force Gauge (EFG-0503, Robotmation Co.,
Ltd., Tokyo, Japan). Eggshell thickness was measured
using a dial pipe gauge (EFG-1061A, Robotmation Co.,
Ltd., Tokyo, Japan). The eggshell ultrastructures were
examined under a scanning electron microscope (JSM-
6390LV, JEOL Ltd., Tokyo, Japan).

Hematoxylin-Eosin Staining of Uterine

The uterine tissues were cut into sections and embed-
ded in paraffin for 24 h. Thereafter, each section was sub-
jected to hematoxylin-eosin (HE) staining. The ImagelJ
software (National Institutes of Health, Bethesda, MD)
was used to examine the density of uterine glands.

Western Blotting

Proteins were extracted from the UF, and the total
protein concentration was quantified using a BCA assay
(Beyotime Biotechnology, Shanghai, China) following
the manufacturer’s instructions. The protein samples
were denatured at 95°C for 5 min containing the
5 x loading buffer. The denatured protein sample was
subjected to 10% SDS-PAGE and then proteins were
transferred onto a PVDF membrane, following incuba-
tion with target primary antibodies: Calmodulin Anti-
body (CALMI1, Abmart, Shanghai, China), PEBPI1,
PHBI1, and GAPDH (ABclonal, Wuhan, China). Blot
bands were visualized using the horseradish peroxidase-
conjugated secondary antibodies and chemiluminescent
substrate. Protein band intensities were quantified using
the ImageJ software. The used antibodies were diluted
according to their manufacturer’s instructions.

Protein Extraction, Trypsin Digestion, and
TMT Proteomic Labeling

To reduce the individual level variation, each group
comprised 4 biological replicates (n = 4). In total, 8 UF
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(4 UF/group) were suspended in lysis buffer (10 mM
DTT, 8 M urea, and protease inhibitor). The corre-
sponding suspensions were centrifuged for 20 min at
12,000 x g to collect the supernatants. The superna-
tant protein concentration was determined using
Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA). Sample protein digestion was
performed with trypsin according to the following
FASP procedure (Wisniewski et al., 2009). Briefly, 30
uL of the SDT buffer was introduced into each sample
of protein (200 ug): the detergent from STD buffer,
DTT, and other low-molecular-weight components
were removed using repeated ultrafiltration against the
UA buffer (pH 8.0). Hundred microliters of uric acid
buffer contained 100 mM iodoacetamide to obstruct
reduced cysteine residues during the sample incubation
in the darkness for 30 min. The filters were washed
thrice with 100 wL uric acid buffer, followed by twice
washing with 100 wL 25 mM NH,HCO; buffer. Eventu-
ally, trypsin was introduced at a 1:10 trypsin-to-pro-
tein mass ratio to digest protein suspensions at 37°C
for more than 4 h, and the digested protein peptides
were collected. After the trypsin digestion, samples
were desalted by C18 cartridges (Sigma-Aldrich, St.
Louis, MO), and then vacuum-dried. The peptides (100
ug) were reconstituted and processed using the
TMT16plex Isobaric Label Reagent Set, as per the kit
directions (Thermo Fisher Scientific, Waltham, MA).

HPLC Fractionation and LC-MSIMS Analyses

Peptide mixtures were fractionated by reverse-phase
HPLC equipped with a Waters XBridge Peptide BEH
C18 column. The mobile phase was made up of water,
acetonitrile, and formic acid (at the proportion of
A:100/0/0.1%; B:20/80/0.1%). The peptides were sepa-
rated at a flow rate of 0.7 mL/min. Orbitrap Eclipse Tri-
brid mass spectrometer was used to analyze the
fractionated peptides (Thermo Fisher Scientific). The
Nanospray Flex lion source had a voltage of 2.0 kV, and
the temperature of the ion transfer tube was 320°C. The
mass spectrometry (MS) data were collected using the
mass spectrometer. The MS1 full scanning range was
350 to 1,800 m/z at a resolution of 120,000 (200 m/z).
Regarding the second-stage mass spectrometry (MS2)
scans, parent ions with the TOP 40 ionic strengths from
the MS1 full scan were selected to be fragmented by
high-energy collision dissociation at a resolution of
30,000 (200 m/z).

Protein Identification and Quantification

Proteome Discoverer (2.4.1.15) was used to quantita-
tively analyze the RAW files of mass spectra, and the
database search analysis was carried out using the
embedded SEQUEST and RefSeq human protein data-
bases. The fixed modification method was used for the
carbamidomethylation of cysteine (+57.02146 Da),
while the variable modification involved the oxidation of

methionine (+15.99492 Da). The MS tolerance was set
at 20 ppm, with a fragment ions tolerance of +0.05 Da.
The used digestive enzyme was trypsin, and up to 2
missed cleavages were allowed. The reverse sequence
decoy strategy was employed to control false positives,
which were verified using the Percolator software. The
false discovery rate (FDR) for protein and peptide
matching (PSMs) was set to 0.01 (Subramanian et al.,
2005). Background data errors were checked and cor-
rected using the median method. Only the proteins con-
taining at least one unique peptide were considered for
subsequent quantitative and functional analyses.

Statistical and Bioinformatic Analysis

The difference in egg traits and other variables
between NE and PE were compared using the paired
sample ¢ test in SPSS 25.0 software. All data were eval-
uated as mean =+ standard error (SE), and those with a
P value <0.05 were considered statistically significant.
Proteins meeting the criteria of fold change (FC) >1.2
and P < 0.05 were deemed significantly different (dif-
ferential abundance protein; DAPs). The Gene Ontol-
ogy (GO) functional enrichment analysis (Ashburner
et al., 2000) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis
(Kanehisa et al., 2004) were conducted using the Fish-
er’s exact test and the list of differential proteins. Cor-
relation analysis between DAPs was performed using
the String database (Szklarczyk et al., 2019) and the
network diagram was constructed using the igraph
software.

RESULTS

Quantity and Eggshell Ultrastructure of NE
and PE

In this study, the production rate of PE was signifi-
cantly higher in the early stage of egg laying than in the
middle and later stages of egg laying (P < 0.05)
(Figure 1A). Egg quality and eggshell ultrastructure
analysis revealed no significant differences in yolk color,
albumen height, egg weight, eggshell strength, eggshell
thickness, yolk weight, and haugh unit, and egg shape
index between the PE and NE groups (P > 0.05)
(Figure 1B). Figure 1C shows the cross-sectional image
of the eggshell from PE and NE. The mammillary layer
thickness (MILT), effective layer thickness (ELT), and
mammillary knob width (MKW) were quantified to
assess the differences in eggshell ultrastructure between
the PE and NE groups (Figure 1D). The ELT of PE was
apparently higher (P < 0.05) (Figure 1D), while the
MLT, the effective layer ratio (TELR), mammillary
layer ratio (MLR), and MKW were lower (P < 0.05)
compared with NE (Figure 1D). These results indicated
that the eggshell quality of NE was better than that of
PE.
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Figure 1. Analysis of pimpled eggs production rate, egg quality traits, and ultrastructure of eggshells. (A) Pimpled egg production rate at the
early, middle, and later stages. (B) Comparison of egg quality traits of normal and pimpled eggs. (C) The transverse view of the eggshell ultrastruc-
ture of normal and pimpled eggs. (D) The parameters in eggshell ultrastructure of normal and pimpled eggs. Data are shown as mean =+ standard

deviation (SD).

Morphological and Histological
Characteristics of Uteri

In the present study, we found that eggs were present
in the uterus of both PE and NE hens. Histological
observations found that uterine glands in the chicken
uterine endometrium had a folded and branched tubular
structure. However, the density of the uterine glands
was significantly increased in PE hens compared with
NE hens. Additionally, the uterus in the PE group
showed a longer length and more complex folding of
uterine glands compared with those from the NE group
(Figure 2). This change in the uterine glands potentially
increased the contact area between the uterus and egg,
stimulating the uterus to secrete large amounts of UF in

PE hens. Notably, the UF contains various ions and
matrix proteins for eggshell formation such as HCO;3™,
H", Ca’", Ovocleidins-17, Ovocalyxins-32, etc. (Marie
et al., 2014). Taken together, these results indicated
that UF in the PE group had more matrix proteins and
ions for eggshell formation than in the NE group. A com-
parison of UF proteomics among the 2 groups could
reveal the DAPs participating in eggshell formation.

Proteomic Analysis of UF From Normal and
Pimpled Eggshells Chickens

TMT-based quantitative proteomics of UF was per-
formed to analyze the DAPs between the 2 groups of

Normal Eggs

Ii
li

Pimpled Eggs

Z
H
I3

Figure 2. Egg specimens and chicken uterus morphology and histological characteristics. Hematoxylin and eosin staining of the uterus from nor-
mal and pimpled eggshells chickens, respectively. Magnification, 200x; Replications, 3. E: endometrium; M: myometrium; T: tubular gland cells.

The black arrow indicates the endometrial glands.
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Figure 3. Proteomic quality control analysis. (A) Peptide’s mass error. (B) Distribution and number of peptide fragments. (C) Three-dimen-
sional principal component analysis (PCA) of 2 groups with 4 biological replicates.

hens. In the LC—MS/MS analysis, we observed the aver-
age peptides mass error was <20 ppm, indicating a good
accuracy of the MS data (Figure 3A). Additionally, the
length of peptides corresponding to most proteins identi-
fied by MS was between 8 and 35 amino acid residues
(Figure 3B), indicating that sample preparation was of
required standard with complete trypsin digestion. In
total, 4,684 proteins were identified and quantified from
the 2 groups, and most of the proteins were common to
both groups. The 3-dimensional principal component
analysis clearly distinguished 8 samples into 2 major cat-
egories, which are marked with different colors in
Figure 3C, indicating the biological reproducibility of
the samples.

DAPs Between Normal and Pimpled
Eggshells Chicken

To examine the differences between the UFs of PE
and NE hens, we identified DAPs based on the criteria
of FC >1.2 and P value <0.05. In total, 68 DAPs includ-
ing 24 upregulated and 44 downregulated proteins were
identified in the PE group compared to the NE group

(Figure 4A). Supplementary Table S2 provides detailed
information about these DAPs. Subsequently, hierarchi-
cal clustering analysis was performed on DAPs to visual-
ize the variations in protein abundance (Figure 4B). The
expression patterns of DAPs were consistent within the
sample groups, indicating substantial changes in protein
expression levels only between the 2 groups.

Functional Enrichment Analysis of DAPs

To better understand the functional roles of DAPs, we
performed GO enrichment, KEGG pathway, and pro-
tein-protein interaction network analyses. As shown in
Figure 5A, the results of GO analysis were considered
statistically significant at P < 0.05. GO enrichment anal-
ysis classified DAPs based on biological processes
(BPs), molecular functions (MF's), and cellular compo-
nents (CCs) modules. The BPs mainly include transla-
tion, B cell receptor signaling pathway, phagocytosis,
ribosomal large subunit biogenesis and immune
response. The CCs were the external side of plasma
membrane, immunoglobulin complex (circulating),
nucleosome, mitochondrial outer membrane, and
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proteins, and blue corresponds to downregulated proteins.

ribosome. The key MFs were structural constituents of
the ribosome, immunoglobulin receptor binding, antigen
binding, and heat shock protein binding.

Additionally, the highly significant KEGG pathway
terms related to DAPs were coronavirus disease, intesti-
nal immune network for IgA production, ribosome, ther-
mogenesis, and neutrophil extracellular trap formation
(Figure 5B).

Using the STRING PPI database and igraph soft-
ware, a protein-protein interaction network of DAPs
was constructed (Figure 6). The largest cluster network
was of the ribosomal proteins, the second largest was of
the other proteins. The nodes in the PPI network repre-
sent the DAPs. The number of nodes that directly inter-
act with a certain node denotes the degree of
connectivity of that particular protein. In principle, the
greater the protein connectivity, the more important the
protein is in the network, indicating that this protein
may be the hub stabilizing the protein network. To fur-
ther identify the key proteins associated with eggshell
formation, we analyzed and identified the top 10 pro-
teins based on the degree of nodes in the PPI network.
These proteins were mainly related to protein synthesis
and folding-related functions.

Taken together, the results of GO, KEGG, and PPI
network analyses suggested that the formation of pim-
pled eggshells in the UF of PE hens was regulated by
proteins involved in the synthesis and folding of ribo-
somes-related proteins, immune process-related proteins

and other proteins. Particularly, we validated 3 key pro-
tein antibodies, named CALMI1, PEBP1, and PHBI,
from the proteomic data by Western blotting, and the
results showed that the expression levels of these pro-
teins were consistent with the proteomics (Supplemen-
tary Figure S1).

Putative Proteins Were Potentially
Implicated in the Formation of Pimpled
Eggshells

To speculate on all proteins that might be associated
with the formation of pimpled eggshells, each DAP was
searched and analyzed in relevant databases (NCBI or
UniProt) and literature. Ultimately, 9 of the 68 differen-
tial proteins, mainly related to ion transport, protein
synthesis and folding, and immune-related functions,
were found to be significant in the formation of eggshells.
The functional description for these proteins is listed in
Table 1.

DISCUSSION

The eggshell is the primary defense protecting eggs
from microbes and is the most intuitive indicator for
product selection by consumers. Pimpled eggshells, a
cosmetic eggshell defect, are usually manifested as poor
eggshell quality, reducing economic benefits to farmers.
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In this study, we first assessed and compared the egg
quality traits of NE and PE. Notably, consistent with
previous results (Liu et al., 2017b), the egg weight, yolk
weight, yolk color, yolk percentage, albumen height,
haugh unit, and egg shape index showed no significant
differences between NE and PE. Fu et al. also studied
the eggshell traits of eggs from 3 kinds of Muscovy ducks
and reported no significant difference in egg weight, egg
shape index, and eggshell thickness between PE and
NE, which is consistent with our results (Fu et al.,
2023). Though the eggshell strength of PE was lower
than that of NE, the difference was not significant. How-
ever, the SEM ultrastructure analysis showed significant
differences in the effective layer of PE and NE, which
may be related to the breed of chicken. Notably, the
eggs from Langshan chicken are much smaller compared
to normal eggs, so both PE and NE from Langshan
chicken can be subjected to a greater force. Meanwhile,
in addition to nutritional, genetic, and environmental
factors, eggshell quality is determined by its ultrastruc-
ture (Rodriguez-Navarro et al., 2002; Wolc et al., 2012).
Previous ultrastructure studies have focused on both the
palisade layer and the mammillary layer (Van Toledo
et al., 1982; Brionne et al., 2014). Therefore, here, we

observed the eggshell ultrastructure using a scanning
electron microscope, and found that the MLT, MKW,
and MLR were significantly lower in the PE group than

RPL35A

Z]| ENSGALRO0000014746

Figure 6. Protein-protein interaction networks of differential pro-
teins in normal and pimpled eggshells chicken uterine fluids.
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Table 1. Functional description of proteins potentially contributing to the formation of pimpled eggshells.

Functional class Protein name (gene symbol)

Annotation

Ion transport related Calmodulin-1 (CALM1)

Anmiloride-sensitive sodium channel subunit gamma

(SCNN1G)
Protein synthesis and 10 kDa heat shock protein (HSPET)

folding

Ribosomal protein L37 (RPL37)

60S ribosomal protein L35 (RPLS35)

60S ribosomal protein L35a (RPL35A)
Immune-related Prohibitinl (PHBI)

Translin (TSN)

DnaJ homolog subfamily B member 6 (DNAJB6)

Calcium-binding
Sodium ion diffusion

Facilitates the correct folding of imported proteins

Acts as a co-chaperone of HSP70, facilitates the correct
folding of imported proteins

responsible for the synthesis of protein

responsible for the synthesis of protein

responsible for the synthesis of protein

Protein with pleiotropic attributes, participation in
immunization

Involving immunoglobulin /T-cell receptor gene
segments

in the NE group. The mammillary layer of the eggshell
consists of a mammillary knob (MK), the base of which
is embedded in the eggshell membrane and connected to
the eggshell membrane. The binding strength between
the MK and the eggshell membrane affects the quality
of eggshells (Nys et al., 2010; Athanasiadou et al., 2018).
An increase in the width of MK decreases its density and
the binding strength between the MK and the eggshell
membrane, reducing eggshell strength (Dunn et al.,
2012; Radwan, 2015). Besides, many studies have found
that the change in MLT is closely related to the strength
of eggshells (Gongruttananun, 2018). An increase in
MLT decreases eggshell strength (Zhang et al., 2017),
which is consistent with our results. We also found lower
TELR in PE compared with NE. Some studies have
demonstrated that the thickness of the effective layer
can alter the mechanical characteristics of eggshells
(Zhu et al., 2020). Zhang et al. found that lower eggshell
strength was associated with lower decreasing TELR
(Zhang et al., 2019). Taken together, the results of egg
quality and eggshells ultrastructure analysis indicated
that the eggshell quality of NE was better than that of
PE.

Previous research has shown that eggshell formation
in the uterus. During the formation of an eggshell, Ca®"
is transported into the UF by the uterine epithelial cells.
Increased expression of calcium-binding proteins in uter-
ine gland cells promotes calcium accumulation in the UF
and thereby its growth on the surface of the eggshell,
resulting in PE (Ebeid et al., 2012; Cheng and Ning,
2023). Therefore, in the present study, we compared the
structure of the uterus of the NE- and PE-producing
hens by HE staining. The results demonstrated that the
number of uterine gland cells and the degree of uterine
glands folding were significantly increased in PE com-
pared with NE. The uterus deformation included histo-
logical atrophy and fibrosis, which could lead to
inadequate secretion of UF (Park and Sohn, 2018). Cui
et al. suggested that such changes in the uterine glands
stimulate the UF, increasing the content of Ca?" for egg-
shell formation and affecting the eggshell quality (Cui
et al., 2021). In brief, the formation of PE is associated
with changes in the uterine glands. Another study
reported that the morphological structure of the uterus

determines the eggshell quality (Huntley and Holder,
1978). However, the molecular mechanism regulating
the formation of pimpled eggshells has rarely been inves-
tigated.

MS-based proteomics is a powerful and versatile tool.
Congjiao Sun et al. used proteomic analysis on eggshell
matrix from strong and weak eggs and between the cor-
responding UFs. They identified 577 and 466 proteins in
UF and eggshell matrix, respectively (Sun et al., 2013).
Liu et al. identified 738 and 600 proteins in pimpled and
normal calcified eggshells using label-free proteomics,
respectively (Liu et al., 2017a). Here, we also used
TMT-based quantitative proteomics technology to iden-
tify and quantify proteins in UF's from NE and PE hens.
In total, 68 DAPs, including 24 upregulated and 44
downregulated proteins were identified in the PE group.
Concerning the functional enrichment analysis, the
DAPs were primarily related to 3 pathways: protein syn-
thesis and folding, immune-related and cell growth and
apoptosis.

The matrix protein regulating eggshell formation is a
key factor affecting the quality of eggshells (Hernandez-
Hernandez et al., 2008). In all cells, protein synthesis
occurs at the ribosome. In the present study, we found
that a 10 kDa heat shock protein (HSPE1) was upregu-
lated, while the ribosomal protein L37 (RPL37), 60S
ribosomal protein L35 (RPL35), and DnaJ homolog
subfamily B member 6 (DNAJBG6), 60S ribosomal pro-
tein L35a (RPL35A) were downregulated in the PE
group compared to the NE group. HSPE1 together with
Hsp60 participates in protein folding (Levy-Rimler
et al., 2001). HSPE1 may be involved in endometrium
changes during pregnancy (Forde et al., 2015). In addi-
tion, the downregulation of the Hspel gene was found to
be associated with also reduced levels of proteins in other
tissues (Christensen et al., 2010). DNAJB6, a co-chaper-
one with HSP70, helps in the folding of newly synthe-
sized polypeptides and protein transport (Ferndndez-
Fernandez et al., 2017). DNAJB6 was also found in the
eggshells, and we speculate that it plays an important
role in the formation of eggshells. RPL37, RPL35, and
RPL35A are the components of the 60S ribosomal sub-
unit and participate in intracellular protein synthesis
(Odintsova et al., 2003). RPL35 promotes the
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proliferation of epithelial cells by regulating the synthe-
sis of related proteins (Dai et al., 2021). However, the
function of HSPE1, RPL37, RPL35, and RPL35A in
avian species remains unclear, requiring further
research. We can speculate that they may facilitate the
formation of pimpled eggshells by affecting the synthesis
and folding of related matrix proteins.

Moreover, we identified some DAPs related to the
immune process including prohibitinl (PHB1) and
translin (TSN). Previous studies have found that dis-
ease or vaccination gives rise to the production of pim-
pled eggs (Broadfoot and Smith, 1954). Another study
showed that the formation of eggshell abnormalities is
associated with an immune response (Nii et al., 2014).
PHBI1 is a highly conserved protein and its downregula-
tion leads to inflammatory responses (Liu et al., 2022).
PHBI1 regulates IgG1 levels in the plasma membrane by
mediating CD86 signaling in B lymphocytes (Lucas
et al., 2013). TSN, a DNA-binding protein, mostly binds
to Ig/T-cell receptor gene segments (Aoki et al., 1997).
In chicken oviducts, Ig is mainly distributed in the epi-
thelial and glandular cells, and participates in local
immune response (Kimijima et al., 1990). Feng et al.
found that uterine inflammation inhibits calcium trans-
port and matrix protein synthesis (Feng et al., 2023). In
brief, we extrapolated that PHB1 and TSN may affect
eggshell formation by regulating immune responses.
Finally, there were some DAPs related to ion transport
including calmodulin-1 (CALM1) and amiloride-sensi-
tive sodium channel subunit gamma (SCNN1G) that
were downregulated in the PE group. Ion transport
plays an essential role in eggshell formation. Calcium
participates in many physiological activities, and is a
main component of eggshells (Eastin and Spaziani,
1978). CALM1, a calcium-binding protein, along with
calcium ion channels regulates egg production (Reichow
et al., 2013; Guo et al., 2023). CALM1 belongs to the
EF-hand family of calcium-binding proteins, and with 4
EF domains, it can bind 4 calcium ions (Chen et al.,
2015). Upon binding to calcium ions, its conformation
changes, activating the downstream calmodulin-depen-
dent protein kinase or phosphorylase that regulates
intracellular calcium concentration (Bonnefond et al.,
2015). CALMT after binding to Ca®" changes conforma-
tion, activating or inhibiting Ca®" channels and PMCA
receptors (Boczek et al., 2017). In addition, CALM1
may also have indirect, regulation by interacting with
the regulators of Gprotein signaling in a Ca®-dependent
manner, inducing calcium release (Popov et al., 2000).
Especially, CALM1 can sense intracellular calcium levels
and regulate calcium ion transport in uterine epithelial
cells. CALM1 can play a crucial role in the formation of
pimpled eggs (Liu et al., 2017a). Furthermore, during
the eggshell formation, Na transport can also affect egg-
shell quality, especially the eggshell strength and thick-
ness (Fan et al., 2013). Amiloride-sensitive Na*
channels are essential for the regulation of Na' trans-
port across epithelia (Benos and Stanton, 1999).
SCNNI1G, a member of the SCNN1 gene family, was
found highly expressed in the uterus during eggshell

deposition (Fan et al., 2013). Thus, we suggest that
decreased expression of these proteins might affect ion
transport in the uterus, inducing the production of pim-
pled eggs.

CONCLUSIONS

In summary, this demonstrated that the eggshell qual-
ity of NE was superior to PE. The uterus structure in PE
hens promoted the formation of PE. The DAPs, such as
CALM]1, in the UF of PE hens may be associated with
the formation of PE. These new findings may
provide novel insights into the mechanism of PE produc-
tion with potential applications for improving eggshell
quality.
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