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ABSTRACT Avian sperm storage tubules (SSTs),
which are located in the uterovaginal junction (UVJ) of
the oviduct, are primary sperm storage sites after mating
or artificial insemination. The mechanism underlying
reduced sperm storage efficiency of SSTs which is highly
correlated with decreased fertility rates in aged laying
breeders remains largely unclear. Here, comparative
transcriptomic analysis between the aged and young
White Leghorn hens (120 vs. 30 wk) was applied to
identify gene expression changes of UVJs containing
SSTs. Bioinformatics analysis revealed 567 upregulated
and 1998 downregulated differentially expressed genes.
Gene ontology analysis was highly enriched in terms of
immune system, cell adhesion, and cytoskeleton proteins.
Kyoto Encyclopedia of Genes and Genomes analysis
revealed 5 significant (P , 0.05) pathways including
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inositol phosphate and glycerophospholipid metabolism.
b-Galactosidase staining of chicken UVJ sections sug-
gested increased cell senescence via aging. Oil Red O
staining and immunohistochemistry detection of ADFP
both confirmed distribution of lipid droplets in SST cells
with increased intensity in aged breeders. The lipid syn-
thesis and metabolism-related genes represented by
TFAP2 and PLD1 were differentially expressed in aged
laying breeders. The upregulation of IL15 and down-
regulation of a large number of immune-related genes in
aged breeders indicate altered immune homeostasis in
UVJs and SSTs. The increased accumulation of lipids,
and altered immunity homeostasis, combined with other
factors (TJP1, MYL9, AFDN, and RPL13, etc.) are
potentially dominant effectors to decrease the sperm
storage efficiency and egg fertility in aged laying breeders.
Key words: aging, chicken, sperm st
orage, breeder, uterovaginal junction

2021 Poultry Science 100:100892
https://doi.org/10.1016/j.psj.2020.12.005
INTRODUCTION

The capacity for females to store sperm temporarily in
the oviduct varies from days to months across different
species (Birkhead and Møller, 2008; Holt and Lloyd,
2010; Matsuzaki and Sasanami, 2017). Birds and some
reptiles develop blind-ended sperm storage tubules
(SSTs) located in the reproductive system, from where
the spermatozoa are preserved for a period of time and
later released toward the site of fertilization (Bakst
et al., 1994). In avian hens, SSTs are situated at the ute-
rovaginal junction (UVJ) of the oviduct, and are charac-
terized as non-ciliated, single-layered, and columnar
epithelium, different from the pseudostratified ciliated
epithelial cells in UVJs (Gilbert et al., 1968).

After mating or artificial insemination (AI), a large
number of spermatozoa arrive at the UVJ, enter into
the SSTs for a short-term or long-term stay, followed
with gradual release from SSTs, and travel to the fertil-
ized site in accordance with daily ovarian follicle cycles
(Ito et al., 2011). The resident spermatozoa are capable
of survival and fertilizing the ovum for days or weeks in
hens. Molecules and signals in association with sperm
storage in birds have been studied by 2 recently pub-
lished reports (Holt and Fazeli, 2016; Matsuzaki and
Sasanami, 2017). We have previously investigated the
impacts of UVJs and SSTs functioning in sperm storage
at 2 time points (day 3 and day 9 after AI) and found
that HIP1, PDE1C, and calcium-related genes were
interesting candidates involved in relatively long-term
sperm storage in White Leghorn hens (Yang et al.,
2020). These studies were mostly focused on the early
or peak egg laying period.
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Artificial insemination or natural mating is frequently
performed in poultry breeding production. However, the
fertility rate is negatively correlated with age in different
avian breeders. In Japanese quail, the egg fertility rate is
decreased significantly after 55 wk of age (Santos et al.,
2013), whereas in broiler and layer breeders, similar age-
related fertility reduction is reported in the late egg laying
period, which is potentially associated with low efficiency
of SSTs in UVJs (Beaumont et al., 1992; Fasenko et al.,
1992; Ledur et al., 2000; Gumulka andKapkowska, 2005).

Aging is regarded to be a consequence of complex inter-
actions among physical, biological, and biochemical pro-
cesses described in multiple animals as well as in tissues/
organs, such as the reproductive tract (luteal, oviduct,
and uterine) (Velarde and Menon, 2016; Korovila et al.,
2017; Shirasunaand Iwata, 2017).Fewstudies are conduct-
ed to understand the correlation of UVJ tissues with
fertility reduction in aged layer breeders. In this study,
White Leghorn which is a widely-used model for laying
breeder (Atikuzzaman et al., 2015; Huang et al., 2016) is
used to investigate themorphological andmolecular varia-
tions of the sperm storage reservoir（UVJ containing
SSTs）within the female reproductive tract via aging.
We hypothesize that transcriptomic changes may reveal
factors related to fertility decrease. The outcome of this
studywill extend the understanding of sperm storage reser-
voirs (UVJ containing SSTs) within the reproduction
tract, and provide clues to save fertility decline via aging
and make better usage of breeders in poultry breeding
stock.
MATERIALS AND METHODS

Sample Collection

All animal experiments involved were carried out
following standard procedures (no. 5 proclaim of the Stand-
ing Committee of Hubei People’s Congress) and approved
by the Standing Committee of Hubei People’s Congress
and the Ethics Committee of Huazhong Agricultural
University, China. Single CombWhite Leghorn hens aged
approximately 30 (n 5 5), 65 (n 5 5), and 120 (n 5 4)
week, respectively, were raised individually in stair-step
cages in local chickenfarms,withstandardfeedingandman-
agement system including light cycling of 16 h light and 8 h
dark. All hens were raised up to 3 wk without AI or natural
mating before sampling. The hens were euthanized
following standard procedures to dissect the oviducts and
specify the UVJ tissues containing SSTs under a stereomi-
croscope. The UVJ tissues of 30 and 120 wk were carefully
divided into 3 parts from perpendicular to the ovary-
uterus axis, and immediatelyfixed in 4%paraformaldehyde
(PFA) in PBS, embedded in optimal cutting temperature
compound, and snap-frozen in liquid nitrogen for RNA
isolation, respectively. UVJ tissues of 65 wkwere processed
for immediatefixation in 4%PFA inPBS, and embedded in
optimal cutting temperature compound for further use.
RNA Isolation and cDNA Preparation

Each snap-frozen UVJ sample was homogenized in
TRIzol Reagent (Invitrogen, San Diego, CA) to perform
RNA isolation and purification according to the manu-
facturer’s instruction. The purified total RNAs of each
sample were used for reverse transcription and cDNA
synthesis by using PrimeScript RT reagent Kit with
gDNA Eraser (Takara, Tianjing, China). The cDNAs
of each sample were stored at 220�C for further use.
Transcriptome Sequencing and Data
Analysis (120 vs. 30 wk of Age)

ChickenUVJ tissues containing SSTswere selected and
subjected to a high-throughput RNA sequencing program
(PE150) to compare the aged hens (120 wk) with young
hens (30 wk) (n 5 4) (Novogene, Beijing, China). More
than 6GB of clean datawere obtained for each sequencing
library and processed for quality control by FastQC, fol-
lowed with mapping to chicken reference genome (ftp://
ftp.ensembl.org/../pub/release-96/fasta/gallus_gallus/
dna/) by hisat2 v2.0.5. HTSeq-count software was used to
count the number of reads mapped to each gene. Frag-
ments per kilobase million of each gene were calculated
based on the length and read for estimating gene expres-
sion level. Differential expression analyses of genes
enriched in UVJ samples collected at 120 (n 5 4) and
30 wk (n 5 5) were performed using the DESeq2 R pack-
age (1.16.1) (Bioconductor, Seattle, WA). The resulting
P-values were adjusted using the Benjamini and Hoch-
berg’s approach for controlling the false discovery rate.
Genes with adjusted P-value ,0.05 and j log2 (fold
change) j . 1 were assigned as differentially expressed
transcripts by DESeq2.
Analysis of Differentially Expressed Genes
(DEGs) by Quantitative Real-Time PCR
(qRT-PCR)

The qRT-PCR primers were designed on Oligo 7.6
(Molecular Biology Insights, Colorado Springs, CO).
Primer information has been listed in Supplementary
Table 1. Several differentially expressed mRNAs were
used for qPCR analysis to verify the gene expression ten-
dency in cDNA samples generated from UVJs of White
Leghorn chicken hens aged at about 30 (n 5 5) and 120
(n 5 4) wk, respectively. The qPCR amplification condi-
tions were as follows: 95�C for 5 min; 40 cycles of 95�C for
10 s and 57.5�C for 30 s; 72�C for 20 s; and 72�C for 5 min.
The fold change was calculated by 22DDCt method fol-
lowed with significance testing by t test.

ftp://ftp.ensembl.org/../pub/release-96/fasta/gallus_gallus/dna/
ftp://ftp.ensembl.org/../pub/release-96/fasta/gallus_gallus/dna/
ftp://ftp.ensembl.org/../pub/release-96/fasta/gallus_gallus/dna/
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GeneOntology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) Enrichment,
and Protein–Protein Interaction (PPI)
Analyses of DEGs

GO enrichment and KEGG pathway analyses were
performed by using GO (http://geneontology.org/) and
KEGG pathway (https://www.kegg.jp/) databases,
respectively. The statistical test and significant level
were calculated by the hypergeometric test and Fisher’s
exact test. False discovery rate correction was also carried
out by Benjamini and Hochberg method using the Kobas
3.0 website (http://kobas.cbi.pku.edu.cn/). PPI network
analysis of DEGs was carried out by using the STRING
website (https://string-db.org/) at the strongest confi-
dence (minimum required interaction score: 0.900), and
viewed by using Cytoscape v3.6.1 software (National
Institute of General Medical Sciences of the National In-
stitutes of Health, Bethesda, MD).
Histological Study of UVJ Containing SSTs

Paraffin sections of UVJ tissues containing SSTs from
hens of 30, 65, and 120 wk of age were prepared according
to the standard steps. Briefly, the UVJ tissues containing
SSTs were dissected under a stereomicroscope and sub-
merged in running water. The samples were sequentially
dehydrated, embedded in paraffin, and processed for sec-
tions at 6-mm thickness by a microtome (Leica RM2165,
Leica, Wetzlar, Germany). The sections were stained by
hematoxylin and eosin and photographed by using a
Olympus microscope and imaging system (Olympus
BX53, Olympus Corporation, Tokyo, Japan).
Detection of b-Galactosidase Activity in
Aged and Young UVJ Tissues Containing
SSTs

Frozen sections (10 mm in thickness) from UVJ sam-
ples containing SSTs collected at 30, 65, and 120 wk
were prepared using a freezing microtome (Leica
CM1950, Leica). The sections were stained by using a
b-galactosidase staining kit (Solarbio, Beijing, China)
according to the manufacturer’s instructions and
mounted using glycerol. Photographs were taken by
the Olympus microscope and imaging system.
Oil Red O Staining of UVJ Containing SSTs

Frozen sections from 30, 65, and 120 wk UVJ samples
containing SSTs were prepared with 10-mm thickness.
The sections were fixed in 4% PFA for 1 h, briefly rinsed
by distilled water and 100% propylene glycol, and
stained by 5% Oil Red O for 2 h at 58�C. The sections
were then briefly rinsed in 85% propylene glycol and
distilled water, stained with hematoxylin for seconds,
and mounted using glycerol. Photographs were taken
by the Olympus microscope and imaging system.
Immunohistochemistry of ADFP

UVJ frozen sections from 30, 65, and 120 wk samples
were prepared with 10-mm thickness. They were stained
with standard procedures with the primary antibody
ADFP (1:1000) (Proteintech, Wuhan, China) at 4�C for
12 h, followed with secondary antibody incubation for
1 h at room temperature using an immunological kit (Pro-
teintech). Visualization was performed by using DAB
(1:50) staining followed by hematoxylin staining for sec-
onds and mounting using glycerol. Photographs were
taken by the Olympus microscope and imaging system.
RESULTS

Histological Observation of Aging Process
of Chicken UVJ Tissues

Hematoxylin and eosin-stained tissue sections derived
from comparable parts of UVJ samples showed that the
epithelial cells of UVJ tissues, which were characterized
as pseudostratified ciliated epithelium, displayed no clear
differences among the chicken samples at 3 stages (30, 65,
and 120 wk of age). It is noteworthy that the cells of SSTs
which were dispersed in UVJ tissues and characterized as
non-ciliated, single-layered, and columnar epithelium
were much different among the samples at 30, 65, and
120 wk of age. The large vesicle which potentially con-
tained lipid droplets was observed to emerge from the
perinuclear region of SST cells aged 65 wk and become
more obvious at 120 wk (Figures 1A–1C). The UVJ tissue
sections stained with cell senescence biomarker b-galacto-
sidase showed weaker signals in the UVJ epithelium at
30 wk, and stronger signals at 65 and 120 wk
(Figures 1D–1I). The accumulation of b-galactosidase in
the SST epithelium was difficult to distinguish because
of the overspread of vesicles (lipid droplet) in samples
at 65 and 120 wk of age.
Transcriptome Data Analysis of UVJs
Containing SSTs Between Aged and Young
Hens (120 vs. 30 wk)

Illumina sequencing of 9 UVJ tissue samples collected
from aged (120 wk) and young (30 wk) hens produced
about 50 GB raw reads and 203,400,335 clean reads
(97% of the raw reads) after quality control. More
than 84% of the clean reads were uniquely mapped to
a chicken reference genome (Gallus_gallus-6.0). A total
of 2,565 genes were identified as DEGs including 567
upregulated and 1998 downregulated transcripts and
compared samples aged 120 to 30 wk (120 vs. 30 wk)
(Figure 2A and Supplementary Table 2).

http://geneontology.org/
https://www.kegg.jp/
http://kobas.cbi.pku.edu.cn/
https://string-db.org/


Figure 1. (A–C)Histological comparison of chickenUVJ folds containing SSTs stainedwith hematoxylin and eosin among 3 stages (30, 65, and 120wk
of age) (A, B, and C, respectively). The UVJ epithelium was characterized as pseudostratified and ciliated columnar cells (bold arrows), whereas the
(tubular or circular) SSTs epithelium was characterized as single layer with columnar cells (narrow arrows). Nucleus was stained with blue. Cytoplasm
was stained with red. A large achromatic vesicle (dotted region; the achromatic vesicle cannot be stained either by hematoxylin or eosin) was emerged
in the perinuclear region of SST cells, and its size and numbers were significantly increased with aging based on the sections. Scale bar 5 20 mm. (D–I)
Cell senescence biomarker b-galactosidase staining of 30, 65, and 120wk of ageUVJ containing SSTs sections. The blue color indicatedwith dotted region
represents theb-galactosidase activity. (D–F)b-galactosidase staining ofUVJ epithelium (bold arrows) from30, 65, and 120wkof age, respectively. Theb-
galactosidase activity in theUVJ epitheliumwas increasedwith aging (dotted region). (G–I)b-galactosidase staining of circular SSTs (dotted region) from
30, 65, and 120wkof age, respectively.TheSST lumenwasmarkedwith “Lu.”The staining ofb-Galactosidase in SSTcellswas difficult todistinguish due to
the large vesicle (arrow). Scale bar5 20 mm. Abbreviations: SSTs, sperm storage tubules; UVJ, uterovaginal junction.
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GO Terms, KEGG Pathway Enrichment, and
PPI Analyses of DEGs Between Aged and
Young Hens (120 vs. 30 wk)

The 2565 DEGs derived from UVJ tissue samples (120
vs. 30 wk) were utilized to perform GO and KEGG ana-
lyses. The GO analysis revealed a total of 119 signifi-
cantly (P , 0.05) enriched terms (Supplementary
Table 3) represented by the top 20 terms (Figure 3A).
Of those, the most prominent enrichments were immune
system development (43 genes enriched), myeloid
leukocyte differentiation (13 genes enriched), leukocyte
differentiation (24 genes enriched), and regulation of
immunoglobulin production (4 genes enriched). Several
terms including tube development (44 genes enriched),
tube morphogenesis (35 genes enriched), cell adhesion
(49 genes enriched), and actin cytoskeleton (21 genes
enriched) were also enriched. GO terms that may be
highly associated with functional and morphological
changes of UVJs containing SSTs between the aged
and young chicken hens (120 vs. 30 wk) are shown in
Table 1.



Figure 2. (A) Volcano plots of DEGs enriched in chicken UVJ folds containing SSTs (120 vs. 30 wk of age). The X-axis and Y-axis represented the
log2 fold change values and the statistical significance P-values (2log10), respectively. The red and green dots represented the upregulated and down-
regulated mRNA transcripts with expression exceeding the threshold value within log2 fold change values between 1 and21, q-value, 0.05. The blue
dots represented genes with expression level beyond the stated threshold. (B) qRT-PCR validation of randomly selected DEGs (DGKE, IL15,MYL9,
PLA2G10, and THBS4) in chicken UVJ folds (120 vs. 30 wk of age). The number 30 represents UVJ tissues containing SSTs at 30 wk of age (n5 5),
whereas 120 represents UVJ tissues containing SSTs at 120 wk of age (n5 4). Error bars represented SEM. “*” and “**” represented the levels of sig-
nificant differences at P , 0.05 and P , 0.01, respectively. Abbreviations: DEGs, differentially expressed genes; qRT, quantitative real-time; SSTs,
sperm storage tubules.
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KEGG analysis revealed 9 significant (P, 0.05) path-
ways. Of those, the mitogen-activated protein kinase
signaling pathway (39 genes enriched) was the promi-
nent enrichment. Focal adhesion (37 genes enriched)
and adherens junction (16 genes enriched), inositol phos-
phate metabolism (16 genes enriched), and
Figure 3. (A) The top 20 enriched GO terms of DEGs comparing the ch
enriched KEGG pathways of DEGs in UVJ folds containing SSTs (120 vs.
expressed genes; ECM, Extracellular matrix; ErbB (also named EGFR), epid
GO, gene ontology; KEGG,Kyoto Encyclopedia of Genes andGenomes;MAP
uterovaginal junction.
glycerophospholipid metabolism (17 genes enriched)
were also enriched. Terms that were potentially relevant
to functional and morphological changes and cell meta-
bolism in UVJs containing SSTs (120 vs. 30 wk) are
listed in Table 2. The top 20 KEGG terms are presented
in Figure 3B.
icken UVJ folds containing SSTs (120 vs. 30 wk of age). (B) The top 20
30 wk of age). Abbreviations: Coa, Coenzyme A); DEGs, differentially
ermal growth factor receptor; GnRH, gonadotrophin releasing hormone;
K,mitogen-activated protein kinase; SSTs, sperm storage tubules; UVJ,



Table 1.EnrichedGO terms of DEGs that are potentially related to decreased efficiency of SSTs with aging.

Term Count Gene name

Immune system development 34 ATXN1L, BRAF, CCR7, CD109, CREB1, EP300, FADD,
FLVCR1, FNIP1, FOS,1 FOXP1, GATA2, GPR68, HDAC4,

MITF, PDGFRA, PKNOX1, PREX1, PSEN1, RBM15,
RC3H2, RO60, SH3PXD2A, SMAD3, SRC, STON2, SUPT6H,
TCF21, TCF3, TCF7, TGFBR2, TRAF6, TREM2, WASF2

Leukocyte differentiation 24 BRAF, CCR7, CD109, CREB1, EP300, FADD, FNIP1, FOS,
FOXP1, GATA2, GPR68, HDAC4, MITF, PKNOX1, PREX1,
PSEN1, RC3H2, SH3PXD2A, SRC, TCF3, TCF7, TGFBR2,

TRAF6, TREM2
Myeloid leukocyte differentiation 13 CCR7, CD109, CREB1, FADD, FOS,GATA2,GPR68,MITF,

PSEN1, SH3PXD2A, SRC, TGFBR2, TRAF6
Regulation of immunoglobulin production 4 FOXP1, SUPT6H, TRAF6, XCL1
Cell adhesion 49 ADORA2A, ANOS1, BRAF, CCR7, CNTNAP5, COL6A1,

CTNNA3,EDIL3,EPHA3,ENSGALG00000003428,EPHA4,
FADD, FAT2, FAT4, FLRT2, FLRT3,GPAM, IL6ST, ITGA6,
ITGA8, ITGB6, KIF26 B, LAMC1, LPP, LSAMP, MYL9,

NDNF,NRP1,NUAK1,PARVA,PEAK1,PLXNB3,PODXL,
PREX1, PTPRJ, PTPRU, S100A10, SDC3, SPON1, SRC,

TGFBR2, TGFBR3, THBS2, THBS4, TNR, TRAF6, UTRN,
VCL, XCL1

Biological adhesion 49 ADORA2A, ANOS1, BRAF, CCR7, CNTNAP5, COL6A1,
CTNNA3,EDIL3,ENSGALG00000003428,EPHA3,EPHA4,
FADD, FAT2, FAT4, FLRT2, FLRT3,GPAM, IL6ST, ITGA6,
ITGA8, ITGB6, KIF26 B, LAMC1, LPP, LSAMP, MYL9,

NDNF,NRP1,NUAK1,PARVA,PEAK1,PLXNB3,PODXL,
PREX1, PTPRJ, PTPRU, S100A10, SDC3, SPON1, SRC,

TGFBR2, TGFBR3, THBS2, THBS4, TNR, TRAF6, UTRN,
VCL, XCL1

Positive regulation of cell adhesion 18 BRAF, CCR7, EDIL3, ENSGALG00000003428, FADD,
GPAM, IL6ST, KIF26 B, NDNF, PODXL, PREX1, PTPRJ,

S100A10, SDC3, TGFBR2, TRAF6, UTRN, XCL1
Actin binding 21 ACTA1, AMOT, FHL2, FSCN1, GAS2L3, HDAC4, MYL9,

MYO5A, MYO6, PARD6A, PARVA, PEAK1, PKNOX2,
RAB22 A, SEPTIN2, SH3PXD2A, SRC, STK38 L, SYNPO2,

TNNC2, VCL
Tube development 44 AMOT, ATXN1L, COL4A2, CREB1, DAB2IP, EIF2AK3,

EP300, EPHA4, ESM1, ETS1, FAT4, FLT1, FLT4, FOXP1,
GATA2, GATA6, IPMK, KIF26 B, LUZP1, NDNF, NRP1,
PARVA, PCSK5, PDGFRA, PKNOX1, PODXL, PPP1R16 B,
PROX1, PSEN1, RBM15, RC3H2, SASH1, SMAD3, TCF21,

TCF7, TGFBR2, TGFBR3, THBS2, THBS4, TRAF6,
TRIM71, WASF2, WNT7A, WWTR1

Tube morphogenesis 35 AMOT, COL4A2, DAB2IP, EIF2AK3, EPHA4, ESM1, ETS1,
FAT4, FLT1, FLT4, GATA2, GATA6, IPMK, KIF26 B,
LUZP1, NDNF, NRP1, PARVA, PDGFRA, PKNOX1,
PODXL, PPP1R16 B, PROX1, PSEN1, RBM15, SASH1,

SMAD3,TCF21, TCF7, TGFBR2, THBS2,THBS4, TRAF6,
WASF2, WNT7A

Cellular response to estradiol stimulus 4 NCOA3, NRIP1, SSTR1, SSTR2

Abbreviations: DEGs, differentially expressed genes; GO, gene ontology; SSTs, sperm storage tubules.
1The bold font in the table represents the upregulated differentially expressed genes; the others are downregulated

genes.
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ThePPInetwork established abroad interconnection in
cell adhesion proteins, cytoskeleton, and ribosome pro-
teins. The other 2 subnetworks potentially contributing
to the cell cytoskeleton including RHOG, RHOH, and
RHOV, and immunity response such as JAK1, ILS6T,
and interleukin 15 (IL15) were also set up as shown in
Figure 4.
qRT-PCR Validation of Candidate Genes
Regulating Age-Dependent Changes of
Chicken UVJs

A total of 6 genes (DGKE, IL15, MYL9,
PLA2G10, PLD1, and THBS4) were set up for the
detailed investigation of gene expression patterns
by using the qPCR technique. Validation showed
that DGKE and PLD1 genes were downregulated,
whereas the IL15, MYL9, PLA2G10, and THBS4
genes were upregulated (120 vs. 30 wk). The expres-
sion of these genes in UVJ containing SSTs was
consistent with the tendency of the RNA sequencing
results (Figure 2B).
Oil Red O Staining and
Immunohistochemistry of ADFP

Oil Red O staining of UVJ sections derived from 30,
65, and 120 wk of age showed that almost all lipids



Table 2. Differentially expressed genes enriched in KEGG pathways that are potentially
related to the decreased efficiency of SSTs with aging.

Term Count Gene name

Focal adhesion 37 ARHGAP35, ARHGAP5, BRAF, COL4A2, COL6A1,
DOCK1, ENSGALG00000002389,

ENSGALG00000003428, ENSGALG00000007646,
ENSGALG00000008141, ENSGALG00000042388, FLNB,
FLT1, FLT4, GRB2, IGF1R, ITGA6, ITGA8, ITGA9,

ITGB6, ITGB8, LAMC1,MAPK9,MYL9,1 PAK3, PAK5,
PARVA, PDGFRA, PDGFRB, PIK3R1, PPP1R12 B, SRC,

THBS2, THBS4, TNR, VAV2, VCL
Adherens junction 16 AFDN, CTNNA3, EP300, IGF1R, INSR, PTPN1,

PTPRB, PTPRJ, SMAD3, SRC, TCF7, TGFBR2, TJP1,
VCL, WASF2, WASF3

Inositol phosphate metabolism 16 ALDH6A1, INPP4A, INPP4B, IPMK, ITPK1, ITPKA,
MINPP1, MTMR4, PIK3C2A, PIK3CG, PIKFYVE,

PIP4K2B, PLCB2, PLCD1, PLCG2, SYNJ1
MAPK signaling pathway 39 BRAF, CACNA1C, CACNA2D1, CACNA2D2, DUSP16,

DUSP8, ELK4, ENSGALG00000007646, ERBB4, EREG,
FLNB, FLT1, FLT4, FOS, GRB2, HSPA2, IGF1R, IL1R1,

INSR, MAP2K6, MAP3K1, MAP3K13, MAP3K3,
MAP4K4, MAPK8IP3, MAPK9, MECOM, MEF2C, NF1,
NGFR, NRK, PDGFRA, PDGFRB, RASGRF2, RPS6KA3,

RPS6KA6, TAOK1, TGFBR2, TRAF6
Glycerophospholipid metabolism 17 ETNK2, DGKD, DGKQ, DGKE, GPAM, PLD1, LPGAT1,

GPD1L, ETNK1, LPIN2, MBOAT2, LPIN1, DGKH,
PLA2G10, PLPP4, CDS2, GPAT2

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated pro-
tein kinase; SSTs, sperm storage tubules.

1The bold font in the table represents the upregulated differentially expressed genes; the others are
downregulated genes.
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were concentrated in SST cells. There were no visible sig-
nals detected in the UVJ epithelium except for a few
lipids located at the adjacent UVJ epithelial cells. Lipid
composition showed increased tendency in SST cells
from 30 to 65 wk, and displayed the strongest and fuzzy
stains at 120 wk (Figures 5A–5C). Immunohistochem-
istry of the lipid droplet marker ADFP displayed specific
expressions in SST cells, and not in the UVJ epithelium,
with weak and strongest expressions at 30 and 120 wk of
age, respectively. It showed that lipid droplets were
significantly accumulated in SST cells of chicken UVJ
tissues with aging (Figures 5D–5F).
DISCUSSION

Natural mating or AI is essential for female birds to
breed the next generation. However, the reduction in
fertility rate, laying rate, and egg quality with aging
seems inevitable in breeders of layers, broilers, and quails
(Beaumont et al., 1992; Ledur et al., 2000; Santos et al.,
2013). According to our records, both fertility duration
and fertility rate showed negative correlations with ag-
ing during the breeding period in laying breeders. White
Leghorn hens are well-used breeders for cross breeding,
and pure breeding (Campo, 1995; Goto et al., 2011), as
well as a good model for fertility-related studies
(Atikuzzaman et al., 2015; Huang et al., 2016).
During the reproduction of mammals, the luteal,

oviduct, and uterine functions and the pregnancy pro-
cess are affected by aging (Shirasuna and Iwata, 2017).
Aging of the ovary and follicles is regarded as a dominant
factor influencing fertility reduction in mammals
(Perheentupa and Huhtaniemi, 2009; May-Panloup
et al., 2016; Vollenhoven and Hunt, 2018) as well as in
egg layers (Holmes et al., 2003). For female birds, such
as layers, broilers, quails, and turkeys, the oviduct plays
a more specific role in the breeding process. For example,
the quality of the albumen and egg shell is mainly related
to the function of magnum and uterine tissues, respec-
tively (Herrera et al., 2018; Wistedt et al., 2019). The
decreasing efficiency of SSTs in UVJs caused by aging
is regarded as another main factor affecting the decline
of fertility rate in both breeders of layers and broilers
(Beaumont et al., 1992; Fasenko et al., 1992; Gumulka
and Kapkowska, 2005). The mechanism underlying the
potential impacts of UVJs and SSTs on decreasing
fertility rate in aged laying breeders remains largely un-
explored. As part of the oviduct, transcriptomic changes
of UVJs containing SSTs indicate the changing tendency
of the other parts of the oviduct at some point. This
study characterized the morphological and molecular
changes of UVJs and SSTs in the reproductive system
of aged laying breeders represented by White Leghorn
hens and will give clues relevant to the fertility decrease
via aging.

b-Galactosidase is an important cell senescence
biomarker in the epithelium (Dimri et al., 1995). The
staining of b-galactosidase confirmed that senescence
was observed in the epithelium of both UVJs and SSTs
of egg layers aged from 30 to 65 and 120 wk. The signals
were much weaker in the UVJ epithelium at 30 wk
compared with the stronger signals at 65 and 120 wk.
There were no clear differences of the signals observed
in UVJs between 65 and 120 wk. This suggests that
the aging process is relatively high in the epithelium of
UVJs from 65 wk onward.



Figure 4. Protein–protein interaction network of DEGs in UVJ containing SSTs (120 vs. 30 wk of age). Network nodes and edges represented
proteins and protein–protein associations, respectively. The red and green nodes represented downregulated and upregulated genes, respectively.
Abbreviations: DEGs, differentially expressed genes; SSTs, sperm storage tubules; UVJ, uterovaginal junction.
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Accumulation of lipid droplets with increased inten-
sity was also detected by Oil Red O staining in epithe-
lial cells of SSTs via aging from 30 to 65 and 120 wk.
The lipid droplets were enveloped by a single phospho-
lipid monolayer containing many different proteins on
its surface and hydrophobic neutral lipids which are
notably triacylglycerols and sterol esters (Walther
and Farese, 2009). Recent studies show that the lipid
droplets are functional effectors manipulating energy
homeostasis, storing vitamins and signaling precursors,
mitigating endoplasmic reticulum oxidative stress, and
protein maturation, storage, and turnover (Welte and
Gould, 2017). The large perinuclear lipid in SST cells
has been reported in chicken, quail, and turkey, and is
considered to serve as an intercellular lipid source for
resident sperms to maintain structural integrity
(Bakst et al., 1994). Further studies demonstrated
that lipid droplets in SST cells may be degraded by ad-
ipose triglyceride lipase and released into SST lumen to
support sperm survival. Additionally, the application of
fatty acids such as oleic acid and linoleic acid extends
the sperm viability in vitro culture system (Huang
et al., 2016). All the above studies suggest that lipids
play an important role in the sperm storage process
in vivo and in vitro.

ADFP is a membrane-associated protein present in
mature lipid droplets and used as a marker for mature
lipid droplets (Hodges and Wu, 2010; Marshall et al.,
2014). In this study, the immunohistochemistry of
ADFP confirmed that lipids and lipid droplets were
dynamically accumulated with increased size from 30
to 120 wk of age and displayed the strongest signals
in SST cells at 120 wk. The lipid droplets were specif-
ically located in SST cells with increased size via aging.
The GO and KEGG analyses enriched from UVJ tis-
sues of aged and young hens revealed a series of genes,
represented by ETNK2, PDL1, PLA2G10, MCTP2,
and TFAP2, that are potentially related to lipid for-
mation and metabolism. PLA2G10, which was upregu-
lated with aging, is not only proved to function in
glycerophospholipid metabolism but is also associated
with the release of u3 polyunsaturated fatty acids
and increase of sperm fertility in mice (Murase et al.,
2016). PLD1 is functional in promoting lipid droplet
formation in NIH 3T3 cells (Andersson et al., 2006).
Pex30/MCTP2 is involved in localizing the lipid
droplet to endoplasmic reticulum as well as in lipid
droplet formation (Wang et al., 2018). TFAP2 is a
transcription factor which is regarded as a “master”
regulator in lipid droplet biogenesis (Scott et al.,
2018). Although the lipid droplets were accumulated
in SST cells with aging, these lipid droplet-related
genes displayed mostly downregulation, indicating a
decreased capability of lipid formation with aging.
KEGG pathways including inositol phosphate meta-
bolism and glycerolipid metabolism were significantly



Figure 5. (A–C) Oil Red O staining of UVJ sections at 30, 65, and 120 wk of age, respectively. Tubular SSTs were indicated with dotted lines (sim-
ple columnar epithelium). SST lumen was marked as “Lu.”UVJ epithelium is shown with broad arrowhead (pseudostratified epithelium). The nucleus
was stained with blue, whereas the lipids were stained with red (thin arrowhead). Most of the lipids were specifically concentrated in the SST cells. A
few lipids were located adjacent to UVJ epithelial cells. The large vesicle observed in the perinuclear region of SST cells was stained with red and its size
significantly increased with aging compared the sections of 30 and 65 to 120 wk of age. Scale bar5 20 mm. (D–F) Immunohistochemistry of matured
lipid droplet markerADFP in UVJ containing SSTs at 30, 65, and 120 wk of age, respectively. The UVJ epithelial cells are indicated with bold arrows.
The SSTs are indicated with narrow arrows or rectangle. SST lumen is indicated with “Lu.” The nucleus was stained with blue, whereas ADFP was
stained with brown. ADFP was specifically located in SST cells and its distribution increased with aging, which is consistent with the increasing trend
of lipids. Scale bar 5 100 mm (general view) and 20 mm (enlarged view). Abbreviations: SSTs, sperm storage tubules; UVJ, uterovaginal junction.
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enriched comparing the UVJs of aged hens with those
of young hens. The lipids serve not only as an energy
source but also as an indicator for the aging process
such as cell stress and longevity (Goldberg et al.,
2009; Welte and Gould, 2017). Genes such as DGKD
(diacylglycerol kinase delta), DGKQ (diacylglycerol ki-
nase theta), DGKE (diacylglycerol kinase), and DGKH
(diacylglycerol kinase eta) belong to a family of lipid
modulating enzymes in producing phosphatidic acid
(Nakano, 2015). Glycerol-3-phosphate acyltransferase
and glycerol-3-phosphate acyltransferase 2 are impor-
tant enzymes promoting triacylglycerol biosynthesis
(Yu et al., 2017). It is supposed that these lipid-
related DEGs may be specifically expressed in SST
cells. Furthermore, other factors related to sperm stor-
age such as exosome (Huang et al., 2017) and SST
microvilli secretions (Bakst and Bauchan, 2015) also
have different lipid compositions (glycerophospholipid
and glycerolipid). Transcriptomic changes in lipid syn-
thesis and lipid droplet formation reflect the changing
tendency of lipid composition, lipid metabolism, and
lipid homeostasis in UVJs and SSTs. The accumula-
tion of lipid droplets in SSTs may be a functional
compensation to decrease lipid synthesis and the
metabolism process. As lipids are important factors
for sperm survival, the observed changes may directly
influence sperm survival and efficiency of sperm stor-
age of SSTs in aged laying breeders.

The immune system plays an important role in fertil-
ization, implantation, and maintenance of pregnancy
and parturition in female mammals (Abrahams, 2010),
as well as in sperm survival in the oviduct of female birds
(Zheng et al., 1998;Das et al., 2006). In this study, a series
of immune-related genes were identified as DEGs
enriched in a comparison of UVJs of aged and young
egg layers. FNIP1 plays a crucial role in both invariant
natural killer cells and B cell development, survival,
and metabolic homeostasis during lymphocyte develop-
ment (Park et al., 2012; Park et al., 2014). TGF-b
signaling is essential for T cell differentiation and func-
tion (Gorelik and Flavell, 2000).TGF-b and its receptors
(TGF-bR1, TGF-bR2, and TGF-bR3) are reported to
function as factors suppressing antisperm immunoreac-
tions during sperm storage in SSTs of chicken hens
(Das et al., 2006; Das et al., 2008). In this study, both
TGFBR2 and TGFBR3 were shown to downregulate
with aging, suggesting a decreased efficiency in the immu-
nosuppression in chicken UVJs via aging.



Figure 6. Potential factors regulate decreased sperm storage effi-
ciency of SSTs with aging: (i) cell senescence has negative effects on
the function of SSTs; (ii) the metabolic pattern, such as lipid synthesis
and metabolism, potentially influences sperm survival in SSTs; (iii) im-
mune homeostasis pattern, including upregulation of proinflammatory
factors and downregulation of immunosuppression factors, is important
for sperm survival in the oviduct; (iv) changes of cell adhesion molecule,
cell junction, and cytoskeleton may influence the SSTs morphology and
sperm release process. Abbreviations: SSTs, sperm storage tubules;
UVJ, uterovaginal junction.
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The immune system is not only correlated with sperm
survival in the oviduct of chicken hens, but also changes
with aging (Weiskopf et al., 2009). In humans, aging is
related to an increase of chronic inflammatory cytokines
including CRP, IL-18, TNF-a, and IL-6 in the blood,
which is defined as “inflammaging,” a nonspecific state
of chronic inflammation (Baylis et al., 2013). In this
study, IL15, 3 interleukin receptor genes (IL1R1,
IL2RA, and IL17RA), and 1 signal transducer (IL6ST)
were shown to be differentially expressed with aging.
IL15 is an important pro-inflammatory cytokine to stim-
ulate differentiation and proliferation of T, B, and natu-
ral killer cells (Steel et al., 2012). In humans, the
circulating IL15 levels are significantly higher in persons
with longevity, indicating a higher capacity of defense
against infections (Gangemi et al., 2005). Upregulation
of IL15 was also observed in aged egg layers indicating
a higher pro-inflammatory status in the microenviron-
ment of UVJs, which is disadvantageous to sperm sur-
vival. The downregulation of IL1R1, IL2RA, IL17RA,
and IL6ST and upregulation of IL15 suggest a novel ho-
meostasis pattern in the immune response of the signal
transduction process in aging (Primiani et al., 2014;
Pantsulaia et al., 2015; Lazzarini et al., 2019). The var-
ied immune system-related genes in this study are sup-
posed to be consequences of cell senescence, repeated
AI, and resistance to infection (Das et al., 2005;
Gangemi et al., 2005; Yoshimura and Barua, 2017).
Additionally, enrichment of genes such as CCR7,
FADD, and PKNOX1(PREP1), in immune system
development and differentiation, suggests a maturation
process of the immune system and changes of the micro-
environment compared older to younger laying breeders
(Chung et al., 2007; Forster et al., 2008; Mouasni and
Tourneur, 2018). All the above related genes reveal a
changing tendency in immune tolerance and immune
response, indicating a worsened microenvironment for
sperm storage in SSTs of UVJs, which may be another
important factor for decreased sperm survival in the
oviduct of egg layers.
Studies in the skin, lung, gastrointestinal tract, and
kidney reveal that the epithelial barrier is affected by ag-
ing accompanied with differentially expressed molecules
such as claudin, E-cadherin, and b-catenin (Parrish,
2017). Molecules from the cytoskeleton and extracellular
matrix are also affected by aging (D’Souza et al., 2009;
Yan et al., 2011; Tanaka et al., 2016). In this study, a se-
ries of DEGs were enriched in cell adhesion molecules, cell
junction proteins, cytoskeletal proteins, and extracellular
matrix proteins in UVJs containing SSTs between aged
and young egg laying breeders. Tight junction proteins
such as tight junction protein 1 (TJP1), also known as
ZO-1, and CLDN5 (claudins 5) are integral membrane
proteins and components of tight junction strands, which
showed downregulation in aged UVJs containing SSTs,
and are consistent with a similar expression pattern in
aged kidney, liver, and pancreas (D’Souza et al., 2009).
AFDN (adherens junction formation factor) belongs to
the adhesion system and plays a key role in pancreatic
central lumen morphogenesis and lumen continuity
(Azizoglu et al., 2017). MYL9 (myosin light chain pro-
tein) is an important myosin regulating gene. Upregula-
tion of MYL9 is related with endothelial morphological
changes and permeability in rats via aging (Shehadeh
et al., 2011). It indicates that these cell adhesion, junc-
tion, and cytoskeleton proteins are changed in both
UVJ and SST epithelium with downregulated genes
TJP1, CLDN5, and AFDN, and upregulated gene
MYL9 affecting the flexibility and lumen expansion pro-
cess of SSTs, which partially explain why the rate of
sperm release from SSTs of older hens was about twice
of that observed in younger hens (Brillard, 1993).
Ribosome proteins were significantly enriched in both

GO and KEGG analyses. There were 28 ribosomal pro-
teins that showed upregulation in the UVJ tissues of
aged hens. Single gene deletion of ribosomal proteins
RPL13, RPL16 B, RPL10, RPS6, or RPS18 in yeast
strains increases replicative life span (Kaeberlein et al.,
2005; Chiocchetti et al., 2007). Reducing the levels of ri-
bosomal proteins (such as RPL19, RPS8, RPS10, and
RPS15) and translation-initiation factors in Caenorhab-
ditis elegans also generate a similar phenotype as
extended replicative period (Curran and Ruvkun, 2007;
Hansen et al., 2007).
It is supposed that the upregulation of these ribosomal

proteins is deleterious to the lifespan of the oviduct,
which may be also potentially associated with the
decreasing tendency of sperm storage efficiency of SSTs
in laying breeders via aging.
CONCLUSION

Aging is disadvantageous to sperm storage efficiency
of UVJs containing SSTs in laying breeders that is regu-
lated by noteworthy candidate genes such as PLA2G10,
PLD1, IL15,MYL9, and TJP1. The variation of cellular
lipid components in SSTs and DEGs involved in the im-
munity system are supposed to be 2 dominant factors
responsible for decreasing the efficiency of SSTs. The
enriched genes relevant to cell adhesion, cell junction,
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cytoskeleton, and the extracellular matrix indicate reor-
ganization of both the UVJ epithelium and SST epithe-
lium via aging, which may also potentially influence
sperm storage and release after AI. Ribosomal protein-
related genes may be also related to the decreased effi-
ciency of SSTs (Figure 6).
This study firstly reported the dynamic molecular bal-

ance of chicken UVJ folds containing SSTs using the egg
layer of White Leghorn hens as a model. The outcome
may facilitate further understanding of the decreasing
fertility rate in aged laying breeders in poultry and pro-
vide clues to save fertility decline via aging and make
better use of breeders in poultry breeding stock.
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