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Editorial on the Research Topic

Exploring ‘omic’ biomarkers in animal production and reproduction

Introduction

Animal reproduction and breeding are advancing at an unprecedented pace, closely

aligned with technological innovation. While the field has historically relied on phenotypic

selection to improve traits of interest, the emergence of high-throughput “omics”

technologies (genomics, transcriptomics, proteomics, and metabolomics) is opening new

possibilities for understanding the molecular basis of productivity, fertility, health, and

welfare (1–5). Omics, especially when integrated with Assisted Reproductive Technologies

(ARTs), enable the identification of precise biomarkers that can guide selection, diagnosis,

and intervention strategies. The present Research Topic brings together recent advances

aimed at uncovering and applying molecular indicators to enhance reproductive efficiency

and overall performance in diverse animal production systems.

The diversity of species represented, from dairy goats and sheep to cattle, buffalo and

avians (such as hens and geese), underscores the global relevance and adaptability of these

tools. Collectively, the featured studies reflect an international effort to harness molecular

insights for a more efficient, resilient, and sustainable livestock production.

Genomics and transcriptomics

Key contributions demonstrate how genomic and transcriptomic analyses can uncover

fundamental regulatory mechanisms, identify novel molecular markers, and inform

breeding strategies to improve reproductive efficiency across species.
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Shi et al. investigated the seasonal reproductive physiology

of dairy goats by integrating transcriptomic and proteomic

analyses of ovarian tissues collected during breeding and non-

breeding seasons. Their work revealed marked reductions in

gonadotropin levels and follicular size during the non-breeding

period, underpinned by over 1,000 differentially expressed genes

and more than 500 differentially expressed proteins. Common

molecules, such as TMEM205, TM7SF2, SLC35G1, GSTM1, and

ABHD6, were identified as potential mediators of suppressed

follicular development via steroid hormone biosynthesis pathways.

Turning to poultry, Xiong et al. focused on the regulatory role

of non-coding RNAs (ncRNAs) in ovarian atresia associated with

broodiness in hens—a behavior detrimental to egg production.

Using whole-transcriptome sequencing, they identified hundreds

of differentially expressedMicroRNAs (miRNAs), Long Noncoding

RNAs (lncRNAs), and circular RNAs (circRNAs), and constructed

a competing endogenous RNAs (ceRNAs) network. Candidate

genes such as THBS1 and MYLK, which are regulated by specific

miRNAs and circRNAs, were linked to pathways involved in

ovarian function, including extracellular matrix (ECM)–receptor

interactions, cytokine signaling, and hormone secretion.

From a structural genomics perspective, Zhao et al. examined

copy number variations (CNVs) in Guizhou Black goats with

divergent litter sizes. Through genome-wide selection signal

analysis, they identified 180 CNVs and 49 candidate genes enriched

in critical fertility pathways, such as Hippo signaling, steroid

hormone biosynthesis, and retinol metabolism, highlighting the

potential of CNVs as valuable genomic markers for selective

breeding to enhance prolificacy in goats.

Finally, Xi et al. profiled miRNA expression across key

developmental stages of sheep testes, from birth to maturity,

identifying over 1,200 known and novel miRNAs. Differential

expression analyses and pathway enrichment identified target

genes such as YAP1, ITGB1, and SOX9 in reproductive signaling

pathways, including the FOXO, Hippo,Wnt, andMAPK pathways.

Proteomics

Recent advances in proteomic technologies have enabled the

identification of protein signatures that underpin reproductive

physiology. These signatures offer valuable biomarkers for fertility

assessment and improvement in livestock and avian species.

Maulana et al. provided the first comprehensive proteomic

characterization of seminal plasma and sperm in Toraya buffalo,

revealing four key proteins—ADAM32 in seminal plasma and

ZPBP, SPACA3, and CCDC136 in sperm—that are integral

to motility, energy production, and acrosome formation.

These findings, coupled with the enrichment of proteins in

the tricarboxylic acid (TCA) cycle, highlight the metabolic

underpinnings of sperm function in this indigenous Indonesian

breed. Turning to avian reproduction, Yuan et al. explored lipid

droplet-associated proteins (LDAPs) in the granulosa cells of goose

follicles at hierarchical and pre-hierarchical stages, uncovering

ACSL3 as a potential regulator of lipid metabolism via the fatty

acid degradation pathway.

Proteomic biomarkers have also been employed to model

and assess reproductive stress conditions. Liang et al. established

an oxidative stress mouse model induced by hydrogen peroxide,

profiling serum proteins alongside oxidative damage markers. This

approach revealed shifts in antioxidant enzyme activities (CAT,

SOD, and GSH-Px) and structural ovarian changes, providing

a framework for studying protein-mediated stress responses

that affect fertility. Finally, in Simmental bulls, Satrio et al.

demonstrated that age significantly shapes the sperm proteome,

with younger bulls expressing proteins linked to acrosome assembly

(SPACA1) and spermatid development, middle-aged bulls showing

markers of motility (PEBP4) and decapacitation (PEBP1), and

older bulls exhibiting proteins related to capacitation-associated

hyperactivity (Tubulin).

Metabolomics

Metabolomics approaches are increasingly revealing the

small-molecule signatures that reflect reproductive efficiency,

stress resilience, and metabolic health in livestock, offering

prospects for non-invasive monitoring and targeted interventions.

In the context of bovine reproduction, Su et al. profiled serum

metabolites at three key stages of superovulation: before FSH

injection, before insemination, and before embryo collection.

They identified consistent differences between high- and low-

yield donors. Lipid-related metabolites, including specific

phosphatidylcholines, phosphatidylethanolamines, triacylglycerols,

phosphatidylinositols, and phosphatidylserines, emerged as

candidate biomarkers linked to amino acid and fatty acid

metabolism and ovarian steroidogenesis, providing a biochemical

basis for donor selection in embryo transfer programs.

Zang et al. employed a metabolomics approach to investigate

how cryopreservation disrupts mitochondrial energy metabolism

in goat sperm. They documented structural mitochondrial damage,

ATP depletion, and oxidative stress, alongside marked reductions

in key energy- and antioxidant-related metabolites such as capric

acid, creatine, and cholesterol sulfate. Functional validation showed

that supplementing freezing extenders with capric acid significantly

improved post-thaw motility, demonstrating a direct link between

metabolite supplementation and fertility preservation.

At the herd-management scale, Magro et al. investigated

metabolic profiling in dairy cows during the high-risk transition

period by comparing invasive blood sampling with milk mid-

infrared (MIR) spectroscopy. They found that MIR could

moderately predict blood β-hydroxybutyrate and non-esterified

fatty acids, which are critical indicators of negative energy

balance, and accurately predict urea levels. Although MIR is

not yet precise enough for individual diagnostics, its utility

for herd-level screening and genetic evaluation underscores

the role of metabolomics in large-scale, non-invasive metabolic

health monitoring.

Taken together, the manuscripts in this Research Topic

highlight how genomics, transcriptomics, proteomics, and

metabolomics are converging to provide innovative insights

into reproductive biology and animal sciences. Genomic and

transcriptomic studies reveal regulatory mechanisms and potential

molecular markers, while proteomics identifies protein networks

that underpin fertility, and metabolomics captures physiological

and metabolic signatures linked to reproductive efficiency and
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stress. By covering species ranging from goats and cattle to poultry

and buffalo, this collective work demonstrates both the breadth of

application and the translational potential of omics biomarkers

across animal industries.

Conclusion and perspectives

The “omics revolution,” which spans genomics,

transcriptomics, proteomics, metabolomics, and now epigenomics,

along with single-cell and spatial approaches, has transformed

animal reproduction and production science by providing

unprecedented insight into complex biological processes. The

manuscripts in this Research Topic exemplify how these tools

have already advanced the identification of molecular markers

linked to fertility, prolificacy, stress resilience, and metabolic

health across diverse species. Current applications are tangible:

Single Nucleotide Polymorphisms (SNPs) and CNVs are guiding

breeding programs; proteomic and metabolomic profiles are

informing donor selection and cryopreservation strategies;

and non-invasive metabolic screening is beginning to support

herd-level management. These advances demonstrate that omics

biomarkers are no longer confined to the discovery stage and are

progressively entering applied contexts in assisted reproduction,

nutritional monitoring, and fertility preservation.

Looking ahead, the challenge lies in moving beyond isolated

datasets to integrated, hypothesis-driven, multi-omics research

that bridges molecular discovery with functional validation.

Progress will depend on strengthening species-specific functional

databases, developing standardized protocols for reproducibility,

and embracing computational advances, such as artificial

intelligence and machine learning, to process complex datasets

and enhance predictive modeling. The integration of “omics”

with precision livestock farming and international collaborative

frameworks, such as the Functional Annotation of Animal

Genomes (FAANG) Consortium initiative, will accelerate

genome-to-phenome understanding and the design of targeted

interventions. By aligning these technological advances with the

goals of sustainability, climate resilience, and animal welfare,

the field is poised to deliver transformative impacts, shaping

future livestock systems that are not only more productive and

efficient but also more ethical and robust in the face of emerging

global challenges.
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Whole transcriptome analysis 
revealed the regulatory network 
and related pathways of 
non-coding RNA regulating 
ovarian atrophy in broody hens
Hanlin Xiong , Wendong Li , Lecong Wang , Xuchen Wang , 
Bincheng Tang , Zhifu Cui  and Lingbin Liu *

College of Animal Science and Technology, Southwest University, Chongqing, China

Poultry broodiness can cause ovarian atresia, which has a detrimental 
impact on egg production. Non-coding RNAs (ncRNAs) have become one 
of the most talked-about topics in life sciences because of the increasing 
evidence of their novel biological roles in regulatory systems. However, the 
molecular mechanisms of ncRNAs functions and processes in chicken ovarian 
development remain largely unknown. Whole-transcriptome RNA sequencing 
of the ovaries of broodiness and laying chickens was thus performed to identify 
the ncRNA regulatory mechanisms associated with ovarian atresia in chickens. 
Subsequent analysis revealed that the ovaries of laying chickens and those with 
broodiness had 40 differentially expressed MicroRNA (miRNAs) (15 up-regulated 
and 25 down-regulated), 379 differentially expressed Long Noncoding RNA 
(lncRNAs) (213 up-regulated and 166 down-regulated), and 129 differentially 
expressed circular RNA (circRNAs) (63 up-regulated and 66 down-regulated). 
The competing endogenous RNAs (ceRNA) network analysis further revealed 
the involvement of ECM-receptor interaction, AGE-RAGE signaling pathway, 
focal adhesion, cytokine-cytokine receptor interaction, inflammatory mediator 
regulation of TRP channels, renin secretion, gap junction, insulin secretion, 
serotonergic synapse, and IL-17 signaling pathways in broodiness. Upon further 
analysis, it became evident that THBS1 and MYLK are significant candidate 
genes implicated in the regulation of broodiness. The expression of these 
genes is linked to miR-155-x, miR-211-z, miR-1682-z, gga-miR-155, and gga-
miR-1682, as well as to the competitive binding of novel_circ_014674 and 
MSTRG.3306.4. The findings of this study reveal the existence of a regulatory 
link between non-coding RNAs and their competing mRNAs, which provide a 
better comprehension of the ncRNA function and processes in chicken ovarian 
development.

KEYWORDS

broodiness, ovarian development, whole transcriptome analysis, ncRNAs, ceRNA 
network
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Introduction

Broodiness, a natural maternal behavior observed in chickens, 
turkeys, and geese, is characterized by appetite loss and a halt in 
egg-laying and incubation activities. This phenomenon poses a 
challenge to the progress of the modern poultry industry. Generally, 
broodiness is initiated by a signal that stops egg production (1). The 
synchronization of hormones secreted by the hypothalamic-
pituitary-gonadal (HPG) axis is a prerequisite for the maintenance of 
broodiness (2). Studies postulate that the ovary is larger in weight 
and volume during the laying stage than during the broodiness stage. 
The ovarian weight of the egg-laying chickens was 48.17 g, 
significantly higher than the 2.67 g weight observed in broody 
chickens. The upper-grade follicles in the ovary are in active 
development during the laying stage, while the inner of the ovary is 
composed of atrophic and atretic follicles during the broodiness stage 
(3, 4). The eukaryotic genome has a much lower gene density 
compared to the prokaryotic genome, reflecting an efficient 
evolutionary adaptation to meet its complex biological demands. 
Both protein-coding and non-protein-coding RNA play a role in 
transcriptional regulation. The human genome transcribes over 90% 
of its content. As a result, the majority of transcribed genes generate 
noncoding RNAs (ncRNAs), which have primarily function as 
regulatory elements (5).

Analysis of RNA sequences during DNA transcription reveals that 
coding RNAs, responsible for protein translation, make up only 
approximately 4% of total RNA. Conversely, ncRNAs are widely 
distributed and play diverse roles in gene regulation (6). Both protein-
coding and non-protein-coding RNA play a role in transcriptional 
regulation. Notably, most of the transcriptome comprises ncRNAs (7). 
Several studies postulate that non-coding RNAs (miRNA, lncRNA, 
lncRNA, siRNA) play a role in controlling ovarian development and 
performance. In particular, miR-182 and miR-15a have been reported 
to modulate granulosa cell proliferation and apoptosis by altering 
hormone production (8, 9). LncRNAs also serve as regulators in the 
reproductive process of poultry. Noteworthy, Mao et  al. (10) 
discovered 24,601 lncRNAs linked to egg production in domestic 
pigeons. Over the last few years, circRNA has become a popular topic 
in RNA research because of its involvement in the regulation of 
multiple molecules in organisms through post-transcriptional 
regulation of classical signaling pathways (11). CircDDX10 is 
associated with ovarian aging, circTCP11 with pig litter size, and 
chi_circ_0008219 with goat reproductive rate (12–14). Despite the 
significance of ncRNA as vital regulators in many biological processes, 
their molecular regulatory mechanisms during broodiness of 
Chengkou mountain chicken remain unknown.

Chengkou mountain chicken is a famous local chicken variety in 
China, mainly reared in Chongqing municipality. However, it has a low 
production efficiency and high breeding costs because of its strong 
broodiness ability (around 90%), low egg production, and slow early 
growth rate. This study aimed to identify and analyze the differentially 
expressed non-coding RNAs and their expression patterns of Chengkou 
mountain chicken with a normal laying ovary and ovary with broodiness 
using whole-transcriptome RNA-seq. The findings of this study provide 
insights into the molecular processes that control the broodiness of 
Chengkou mountain chicken, which lay a basis for the utilization of 
marker-assisted selection and genetic improvement of chicken.

Materials and method

Animal and tissue samples

The experimental animals were 6 chickens from the same 
batch obtained from the Chengkou Mountain Chickens Genetic 
Research Institute (Chongqing, China). The Chengkou mountain 
chickens exhibits favorable germplasm traits, including robust 
foraging ability, resistance to coarse feeding, suitability for wild 
grazing and free range, strong disease resistance, and high 
adaptability. Their egg production and broody situation were 
recorded daily. Three individuals exhibiting broody behavior and 
entering the classic broody phase 30 days earlier were chosen. 
Their ovarian tissues were harvested in liquid nitrogen for RNA 
and transcriptome sequencing and then stored at −80°C awaiting 
RNA extraction.

Chicken ovary histomorphology

The histological characteristics of chicken ovaries were evaluated 
through hematoxylin and eosin staining, following paraffin 
embedding of the samples and sectioning. The histological ovary 
micromorphology was visualized using a microscope (Olympus IX53, 
Japan), followed by image capture using the microphotographic 
system (Olympus DP71, Japan). The ultrastructure of the chicken 
ovaries was observed using a transmission electron microscope (TEM 
Hitachi HT7800/HT7700).

RNA isolation, library construction, and 
sequencing

The data quality of RNA Q30 in each sample was more than 
92.30%, indicating that the sequencing data quality was good 
(Supplementary material 4). The total RNA of the ovary tissues was 
extracted using the Trizol reagent kit (Invitrogen, Carlsbad, CA, 
United  States) following the manufacturer’s instructions. RNA 
quality was assessed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, United States) and RNase-free agarose 
gel electrophoresis. After total RNA was extracted, rRNAs were 
removed to retain mRNAs and ncRNAs. The enriched mRNAs and 
ncRNAs were fragmented into short fragments by using 
fragmentation buffer and reverse transcribed into cDNA with 
random primers. Second-strand cDNAs were synthesized using 
DNA polymerase I, RNase H, dNTPs (dUTP instead of dTTP), and 
buffer. The cDNA fragments were then purified using the QiaQuick 
PCR extraction kit (Qiagen, Venlo, The Netherlands), end-repaired, 
poly(A) added, and ligated to Illumina sequencing adapters. The 
second-strand cDNAs were digested using UNG (uracil-N-
glycosylase), after which they were size selected by agarose gel 
electrophoresis, PCR amplified, and sequenced using Illumina 
HiSeqTM 4000 (Gene Denovo Biotechnology Co, Guangzhou, 
China). Then the 3′ adapters were added and the 36–48 nt RNAs 
were enriched. The 5′ adapters were then ligated to the RNAs as well. 
The ligation products were reverse transcribed through PCR 
amplification, and the 140–160 bp size PCR products were enriched 
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to generate 6 cDNA libraries, which was sequenced using Illumina 
HiSeq Xten (Gene Denovo Biotechnology Co, Guangzhou, China).

Identification and analysis of miRNA, 
lncRNA and circRNA

To refine the raw data, we exclude reads with low quality (Q-value 
≤20), reads that include adapters, reads shorter than 18 nt, and reads 
featuring polyA (15). The clean tags were then aligned with small 
RNAs in the GeneBank database (Release 209.0) and Rfam database 
(Release 11.0) to identify and remove rRNA, scRNA, snoRNA, 
snRNA, and tRNA. All of the clean tags were then searched against 
miRBase database (Release 22) to identify known (Species studied) 
miRNAs (exist miRNAs). After tags were annotated as mentioned 
previously, the annotation results were determined in this priority 
order: rRNA etc. > exist miRNA > exist miRNA edit > known miRNA 
> repeat > exon > novel miRNA > intron. The tags that cannot 
be annotated as any of the above molecules were recorded as unann.

Filtration of the raw data involved removing reads of low quality 
(Q-value ≤20), reads with adapters, reads composed entirely of A 
bases, and reads containing more than 10% unknown nucleotides. 
Following this, alignment of the clean data with chicken rRNA 
sequences using Bowtie2 facilitated the removal of reads that aligned 
with rRNA (16). Softwares CNCI (17) (version 2) and CPC (18) 
(version 0.9-r2)1 and FEELNC (19) (version v0.2)2 were used to assess 
the protein-coding potential of the novel transcripts using their 
default parameters. The final prediction for lncRNAs resulted from the 
intersection of three software programs.

The short reads alignment tool Bowtie2 (16) (version 2.2.8) was 
thus used to map the reads to the ribosomal RNA (rRNA) database. 
The rRNA-mapped reads were removed, and the remaining reads were 
further used for other alignments and analyses. The rRNA-removed 
reads from each sample were then mapped to the reference genome 
using HISAT2 (20) (version 2.1.1). Reads that mapped to the reference 
genomes were discarded, while the unmapped reads were used for 
circRNA identification. Anchor reads that aligned in the reversed 
orientation (head-to-tail) indicated circRNA splicing and were 
subjected to find_circ to identify the circRNAs (21). We identified 
ncRNAs with fold change ≥2 and FDR (false discovery rate) <0.05 in 
a comparison as significant DE ncRNAs.

Construction and visualization of the 
ceRNA network

The ceRNA network was constructed based on the ceRNA theory 
as follows: (1) the target relationship between miRNA and candidate 
ceRNA and the negative correlation of expression, (2) the positive 
correlation between the expression levels of candidate ceRNAs, and (3) 
enrichment degree of candidate ceRNA binding to the same 
miRNA. miRNA-target gene pairs were first identified because ceRNAs 
are mutually regulated by miRNAs. The target genes for differential 

1  http://cpc.cbi.pku.edu.cn/

2  https://github.com/tderrien/FEELn

miRNAs were then predicted as the first step in the study of ceRNA 
regulatory networks. The expression correlation between mRNA-
miRNA, lncRNA-miRNA, and circRNA-miRNA was then evaluated 
using the Spearman rank correlation coefficient (SCC). Pairs with SCC 
<−0.7 were selected as negatively co-expressed lncRNA-miRNA pairs, 
mRNA-miRNA pairs, or circRNA-miRNA pairs. The mRNAs, lncRNAs, 
and circRNAs were miRNA target genes and were all differentially 
expressed. The expression correlation between lncRNA-mRNA and 
circRNA-mRNA was evaluated using the Pearson correlation coefficient 
(PCC). Pairs with PCC >0.9 were selected as co-expressed lncRNA-
mRNA pairs or circRNA-mRNA pairs. Both the mRNA and lncRNA or 
mRNA and circRNA in these pairs were targeted and co-expressed 
negatively with a common miRNA. A hypergeometric cumulative 
distribution function test was then done to test whether the common 
miRNA sponges between the two genes were significant. Only the gene 
pairs with a p-value less than 0.05 were selected. For each gene pair (A, 
B), we denoted all their regulator miRNAs as miRNA set C (regulating 
gene A) and D (regulating gene B). Where x stands for the number of 
common miRNAs that regulate both genes, U is the number of all the 
miRNAs in the work, M is the size of miRNA set C, and N is the size of 
miRNA set D. The lncRNA-miRNA-mRNA network was constructed 
by assembling all the identified co-expression competing triplets, and 
was visualized using Cytoscape software (v3.6.0).3

Functional enrichment analysis

GO functional and KEGG pathway analysis of miRNA, lncRNA, 
and circRNA target genes was conducted using DAVID and KOBAS 
software (22, 23). Go terms and KEGG pathways with a p-value <0.05 
were considered to be significantly enriched.

Validation of RNA-seq results by real-time 
quantitative PCR

Real-time quantitative PCR (RT-qPCR) was performed to validate 
the expression levels of DE circRNAs, DE lncRNAs, and DE miRNAs. 
Four lncRNAs, four miRNAs, and four circRNAs associated with 
significantly differentially expressed genes in the ovary were randomly 
selected for the RT-qPCR validation tests. The methods of RNA 
reverse transcription and real-time fluorescence quantitative PCR 
were conducted as per previously published protocols (24). The 
relevant primers were designed using Primer Premier. As stated 
earlier, U6 should be  referred to as the steward gene sequence of 
miRNA (23). The methods of RNA reverse transcription and real-time 
fluorescence quantitative PCR were conducted as per previously 
published protocols (24). While GAPDH was used as the housekeeping 
gene for lncRNA and circRNA. The relative miRNA and mRNA 
expression were calculated using the 2−∆∆Ct method (25), and data 
were expressed as mean ± standard deviation of the mean. The data 
was displayed as mean ± standard deviation, with variations analyzed 
via the independent-sample t-test, via SPSS 20.0 (SPSS Inc., 
United States).

3  http://www.cytoscape.org/
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Results

Effect of broodiness behavior on ovarian 
phenotype

The ovarian volume diminished as the laying stage progressed 
to the broodiness stage (Figures 1A,B). During the laying stage, the 
ovaries contain varying developmental and atretic follicles. 
However, follicle development stops, and different levels of atretic 
follicles are observed when approaching the broodiness stage. 
Noteworthy, the egg-laying hens had a higher ovary weight and 
volume and a heftier stroma weight, than the broody chicken 
(Table 1). Moreover, the broody chicken did not have large yellow 
follicles. The hen only had a few yellow follicles, with the majority 
being white.

The ovaries of chicken in the broodiness group had fewer follicles, 
a thicker granular layer, sparse cell density, and indistinct inner and 
outer layers compared to the ovaries of hens in the normal laying 
group (Figures 1C–F). Moreover, the ultrastructure of the ovary of 
chicken in the broodiness group revealed a lack of nucleus and a 
pattern of mitochondrial aggregation (Figures 1G,H).

Effect of two different ovaries on miRNA

Transcriptome sequencing yielded 38,460,846 and 37,304,337 
total raw reads from the broodiness and egg-laying groups, 
respectively. Subsequent filtering of the raw reads was done to 
acquire clean tags with more than 97% accuracy. As Figures 2A,B 
shown, 96.8% of miRNAs were between 20 and 24 nt in length 
(Supplementary material 1). In Figures  2C,D, plots are shown 
comparing the tag abundances of non-coding RNA in GenBank and 
Rfam for each sample. The proportion of existing miRNA is the 
highest. A miRNA expression heat map was subsequently generated 
for each sample to study the miRNA patterns in the samples 
(Figure 2E). As shown in Supplementary Figure S4, PCA principal 
component analysis showed intersample repeatability of AO 
(atrophic ovaries) and NO (normal ovaries). We  also provide a 
violin diagram in Supplementary Figure S6, showing better 
correlation between samples. Moreover, 40 differential expression 
(DE) miRNAs were identified in comparing the broodiness and 
laying groups. A scatterplot analysis was performed based on the 
significantly different miRNAs to demonstrate the differences 
between the comparison groups (Figure  2F). GO and KEGG 
analysis of the 40 DE miRNA genes was then done to investigate the 
role of miRNA in the laying and broodiness groups. A total of 104 
GO terms were enriched. Figures 3A,B shows the top 20 terms of 
biological process (BP), cellular component (CC), and molecular 
function (MF). GO enrichment analysis revealed that the DE 
miRNAs were mainly enriched in membrane-bounded organelle 
cytoplasm and some intracellular-related items. Additionally, the 
target genes were found to be  involved in various metabolic 
pathways, including cysteine and methionine metabolism, SNARE 
interactions in vesicular transport, protein processing in 
endoplasmic reticulum, pertussis, viral protein interaction with 
cytokine and cytokine receptors, ferroptosis, and peroxisome 
pathways (Figure 3C).

FIGURE 1

Anatomical morphological observation of ovarian tissue in poultry 
was conducted by examining two hematoxylin and eosin stained 
sections. (A) Normal ovarian tissue that continuously lays eggs. 
(B) Atrophy of ovaries for 30  days of broodiness. (C) Histological 
characteristics in egg-laying hens (staining at 200  μm). 
(D) Histological characteristics in egg-laying hens (staining at 50  μm). 
(E) Histological characteristics in broody hens (staining at 200  μm). 
(F) Histological characteristics in broody hens (staining at 50  μm). 
(G) The mitochondrial ultrastructure of the chicken egg-laying 
ovaries were analyzed by TEM. (H) The mitochondrial ultrastructure 
of the chicken broody ovaries were analyzed by TEM.

TABLE 1  A comparison of the ovarian morphological characteristics 
between egg-laying and broody hens (n  =  6).

Tarits EH BC

Body weight (kg) 2.65 ± 0.12* 1.73 ± 0.14

Ovary weight (g) 49.62 ± 4.75** 2.73 ± 0.09

Ovary weight ratio 1.87 ± 0.18** 0.16 ± 0.02

Ovary volume (cm3) 48.32 ± 2.13** 4.58 ± 0.38

LYF (>10 mm, count) 5.25 ± 1.15 /

SYF (5–10 mm, count) 11.47 ± 0.62 /

WF (2–5 mm, count) 18.35 ± 4.97 18.03 ± 2.75

Stroma weight (g) 6.92 ± 1.15** 2.68 ± 0.07

EH, egg-laying hens; BC, broody chicken; WF, white follicles; LYF, large yellow follicle; SYF, 
small yellow follicles; *p < 005 and **p < 0.01.
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FIGURE 2

Overview of small RNA sequencing in the chicken ovary. (A) The length distribution of small RNA was AO1, AO2 and AO3, respectively. (B) The length 
distribution of small RNA was NO1, NO2 and NO3. (C) Statistical analysis of miRNA sequence abundance across various categories in each sample. 
(D) Statistical graph depicting the distribution of miRNA sequence species across various sample categories. exist_mirna (The miRNA of this species has 
been included in miRbase). known_miRNA (The identified miRNAs were compared with the known animal miRNAs in miRbase). novel_mirna 
(Combined with the reference sequence, the issuer structure was predicted and the miRNA was identified.) unann (The tags that cannot be annotated 
as any of the above molecules were recorded as unann). (E) Heatmap of differentially expressed miRNAs. (F) Compare the group NO –vs. -AO scatter 
plots.
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Effect of the two different ovaries on 
lncRNA

RNA-seq yielded 292,328,750 and 268,349,060 total raw reads 
from the broodiness and laying groups, respectively. Thus, to get 

high quality clean reads, reads were further filtered by fastp (26) 
(version 0.18.0). Filtering was then done to obtain a clean data set 
with more than 95% accuracy. The intersection of the three software 
results, which is depicted in the Venn diagram, was taken as the 
final lncRNA prediction result (Figure  4A). Noteworthy, 9,640 

FIGURE 3

GO and KEGG analysis of DE miRNAs. (A) The GO enrichment classification histogram of DEmiRNA is divided into three levels: BP, MF, and CC. 
(B) Top 20 significantly changed GOs of DEmiRNAs in biological processes. (C) The top 20 pathways significantly associated with differentially 
expressed miRNA transcripts.
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intergenic lncRNA, 465 bidirectional lncRNA, 83 intronic lncRNA, 
327 antisense lncRNA and 334 sense overlapping lncRNA were 
identified based on the position of the new lncRNA relative to the 
protein-coding gene (Figure  4B). We  also identified 2,588 new 
lncRNA for subsequent analysis. The expression of lncRNA and 

transcripts in different samples were visualized using expression 
distribution and violin maps (Figures 4C,D). By comparing the 
laying group and the broodiness group had 379 DE lncRNA (213 
up-regulated and 166 down-regulated). The expression patterns are 
depicted in the volcanic maps and heat maps (Figures 4E,F). Our 

FIGURE 4

Overview of lncRNA sequencing in the chicken ovary. (A) CPC2, CNCI, and Feelnc were used to evaluate the encoding capabilities of all transcripts. 
The intersection of transcripts without coding potential is a reliable prediction result. (B) Total lncRNA type statistics. (C) lncRNA expression abundance 
distribution map. (D) Violin diagram of lncRNA expression. (E) Comparison of group NO-vs. -AO volcano maps. (F) Compare group NO-vs. -AO heat 
maps.
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study revealed that ENSGALT00000105586 is the top DElncRNAs 
(Figure 4E).

GO analysis revealed that the lncRNA target genes were 
significantly enriched in processes related to extracellular activity, 
multicellular organismal processes, collagen fibril organization, and 
tissue development (Supplementary Figures S1A,B). The three most 
significant signaling pathways in the KEGG analysis of the lncRNA 
genes were ECM-receptor interaction, protein digestion and 
absorption, and focal adhesion (Supplementary Figure S1C).

Effect of the two different ovaries on 
circRNA

We obtained 55,838,523 clean reads from 6 samples after strict 
filtering (Supplementary material 3). A total of 18,666 circRNAs 
were subsequently identified from the clean reads in both the 
broodiness and laying groups (Supplementary Table S3). Notably, 
these circRNAs were distributed on almost all chromosomes, with 
the highest concentration on chromosome 1 (Figure 5A). A majority 
(83.82%) of circRNAs had a length of less than 3,000 bp, amongst 
which 30.55% were less than 500 bp and 47.42% were between 
500–2,000 bp, with an average length of 3,156 bp (Figure 5B). The 
most abundant circRNA type was annot_exons (12,869; Figure 5C). 
A comparison between the expression levels of circRNA in the 
broodiness group and the laying group yielded 129 DE circRNAs 
(p < 0.05; Figure 5D). These 129 DE circRNAs were further analyzed 
using a volcanic map, we has been determined in our investigation 
that novel_circ_018025 stands out as a top DEcircRNA (Figure 5E). 
A heat map analysis of the differential circRNA expression patterns 
was also conducted (Figure 5F).

GO enrichment analysis of the DE circRNAs revealed their 
involvement in histone demethylase, phosphoprotein phosphatase, 
and metalloendopeptidase activities (Supplementary Figure S2B). 
KEGG enrichment analysis further revealed that DE circRNAs were 
linked to adherens junction, lysine degradation, cell adhesion 
molecules, thiamine metabolism, and PI3K-Ark signaling pathway 
(Supplementary Figure S2C).

Construction of ceRNA networks 
associated with ovarian atrophy of the two 
different ovaries

An analysis of the differential expression of miRNAs in the 
ovarian tissue revealed 258 lncRNA-miRNA-mRNA and 70 
circRNA-miRNA-mRNA interaction pairs, encompassing 291 
lncRNAs, 79 circRNAs, 40 miRNAs, and 346 mRNAs 
(Figures  6A,B). GO and KEGG enrichment analyses 
(Supplementary Figures S5A,B) revealed that these transcriptional 
interactions were associated with ECM-receptor interaction, 
AGE-RAGE signaling pathway, focal adhesion, cytokine–cytokine 
receptor interaction, inflammatory mediator regulation of TRP 
channels, renin secretion, gap junction, insulin secretion, 
serotonergic synapse, and IL-17 signaling pathway. Through KEGG 
and GO analysis, we identified differentially expressed genes within 
relevant pathways. Furthermore, 25 genes potentially associated 
with broodiness were identified (Table 2).

A lncRNA/circRNA-miRNA-mRNA regulatory network was 
subsequently created by constructing ceRNA networks of 
candidate genes (Figure 7). In the network, miRNAs were at its 
center and was associated with 4 circRNAs, 18 lncRNAs, 5 
miRNAs, and 2 mRNAs. The ceRNA network analysis identified 
MYLK and THBS1 genes as potential targets of 2 and 3 
differentially expressed miRNAs, and 8 and 10 lncRNAs, 
respectively. Moreover, four circRNAs had a regulatory effect on 
MYLK and THBS1 genes. The novel_circ_014674 and 
MSTRG.3306.4 potentially regulated MYLK and THBS1 genes via 
different miRNAs, which was consistent with the ceRNA regulatory 
hypothesis (27).

RT-qPCR validation of DE circRNAs, DE 
lncRNAs, and DE miRNAs

Seven transcripts were randomly selected from DE circRNA, DE 
lncRNA, and DE miRNA and subjected to RT-qPCR to verify the 
accuracy of the RNA sequencing data. Subsequent RT-qPCR 
validation demonstrated extremely significant differences (p < 0.01) in 
gga-miR-215-5p, gga-miR-489-3p, novel_circ_017769, and 
MSTRG.18953.2. Additionally, novel_circ_000405, MSTRG.18017.1, 
and MSTRG.10467.1 exhibited significant differences (p < 0.05), as 
depicted in Figure 8A. The log2FC values of DE miRNA, DE lncRNA, 
and DE circRNA obtained from the RT-qPCR results revealed that the 
seven genes exhibited a consistent expression trend with those of 
RNA-Seq data, thus confirming the accuracy of the sequencing results 
in Figure 8B.

Discussion

Poultry broodiness is a complex characteristic with low 
heritability, it is a result of a combination of genetic influences, the 
endocrine system, and environmental factors (28). Broody behavior 
frequently results in follicular atresia and ovarian atrophy (29). In 
addition, the adoption of artificial incubation technology has 
eliminated the need for broody behavior in chicken production. 
Consequently, identifying potential targets that impact broody 
behavior serves as a method to enhance egg production in native 
chicken populations. The ovaries and fallopian tubes of broody 
chickens undergo degeneration, which impedes the growth of follicles 
and reduces the number of granulosa and thecal cells within them, 
thus hindering egg production (4, 30). During the brooding stage, 
Magang geese have very few large yellow follicles and small yellow 
follicles, yet the amount of large white follicles remains unchanged 
(31). In this study, histological examination revealed that the ovaries 
of broody chickens had atrophied, with atretic follicles, which is 
consistent with the results of other studies (32, 33). Transmission 
electron microscope (TEM) images of the ovarian ultrastructure 
suggested that the ovarian granulosa cells of polycystic ovarian 
syndrome (PCOS) model rats exhibited an accumulation of 
mitochondria, destruction of crests, and breaking up as opposed to 
those of normal rats (34). Granulosa cells with dysfunctional 
mitochondria can lead to a decrease in steroid production and oocyte 
maturation rate, resulting in reduced fertility. Conversely, functional 
mitochondria increase the steroid production of granulosa cells (35).
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Non-coding RNAs are important in the biological processes of 
living organisms. The ceRNA hypothesis enables the exploration of 
potential regulatory mechanisms by combining multiple RNA 

information (36). In this study, we identified 40 differentially expressed 
miRNAs (DEmiRNAs), 379 differentially expressed long non-coding 
RNAs (DElncRNAs), and 129 differentially expressed circular RNAs 

FIGURE 5

Overview of circRNA sequencing in the chicken ovary. (A) All the circular RNA chromosome statistics. (B) All the circular RNA length distribution 
statistics. (C) Statistical map of circular RNA type distribution. (D) CircRNA statistical map of differences. (E) Comparison of group NO-vs. -AO volcano 
maps. (F) Differential circRNA clustering heat map.
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(DEcircRNAs) in the ovaries of laying chickens and those with 
broodiness. Subsequent enrichment analysis enabled the construction 
of a hierarchical ceRNA network associated with ovarian development. 
The network identified miRNAs, such as miR-9-x, miR-4324-z, 

miR-155-x, gga-miR-143-5p, and miR-211-z, miR-155, miR-9, and 
miR-4324 are involved in the development of the ovary. miR-155 has 
an essential effect on the glycolysis of granule cells in PCOS sufferers, 
thereby controlling follicular dysplasia (37). miR-9 is highly expressed 

FIGURE 6

CeRNA network constructed by DEmRNAs, DElncRNAs, DEcircRNAs, and DEmiRNAs. (A) mRNA-miRNA-circRNA network. (B) mRNA-miRNA-lncRNA 
network. The shades of the colors indicate the upregulated (red) and downregulated (green) level. The characters of the figures correspond to different 
RNA species, round -mRNA, diamond-miRNA, v-circRNA, triangle-lncRNA.
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TABLE 2  Twenty-five candidate genes associated with the regulation of broodiness and their binding pathways, and differentially expressed miRNA, 
lncRNA, and circRNA.

Differentially 
expressed genes

Pathway Related differentially 
expressed miRNA

Related lncRNA Related circRNA

COMP PI3K-Akt signaling pathway miR-211-z ENSGALT00000102650

FN1 Pathways in cancer miR-9-x ENSGALT00000069126, 

ENSGALT00000097813, 

ENSGALT00000099218, 

ENSGALT00000103601, MSTRG.10467.1

novel_circ_010071

ITGA8 PI3K-Akt signaling pathway miR-4324-z ENSGALT00000103728

，ENSGALT00000105373，MSTRG.19817.1

novel_circ_015884

THBS1 PI3K-Akt signaling pathway gga-miR-155, miR-155-x, miR-

211-z

ENSGLT0000055899, 

ENSGALT00000093080, 

ENSGALT00000097500, 

ENSGALT00000098724, 

ENSGALT00000100307, MSTRG.12108.4, 

MSTRG.18017.1, MSTRG.2399.1, 

MSTRG.2955.5, MSTRG.3306.4, 

MSTRG.8753.4

novel_circ_013543, 

novel_circ_013544, 

novel_circ_013545, 

novel_circ_014674

TNC PI3K-Akt signaling pathway miR-9-x ENSGALT00000069126, 

ENSGALT00000086733, 

ENSGALT00000097813, 

ENSGALT00000099218, MSTRG.10467.1

novel_circ_010071

IL8 Pathways in cancer miR-6573-y ENSGALT00000095578

CR1 Tuberculosis gga-miR-143-5p MSTRG.12254.4

PF4 Pathways in cancer novel-m0022-5p, novel-m0023-

3p

ENSGALT00000094510, 

ENSGALT00000097728, 

ENSGALT00000098801, 

ENSGALT00000105534, 

ENSGALT00000107766, MSTRG.16216.1, 

MSTRG.2592.2, MSTRG.5783.5

MAPK10 Pathways in cancer gga-miR-1677-3p, gga-miR-489-

3p, novel-m0012-3p, gga-miR-

133a-5p, gga-miR-205a, gga-

miR-365-3p, miR-205-z, novel-

m0082-3p, gga-miR-1625-5p, 

novel-m0031-5p

ENSGALT00000092815, 

ENSGALT00000097073, MSTRG.13979.1, 

MSTRG.4262.1

AGT Pathways in cancer gga-miR-1551-5p, gga-miR-365-

3p

ENSGALT00000091177, 

ENSGALT00000102866, MSTRG.16427.1, 

MSTRG.3924.2, MSTRG.5783.5

COL3A1 Amoebiasis miR-9-x ENSGALT00000069126, 

ENSGALT00000086733, 

ENSGALT00000097813, 

ENSGALT00000099218, 

ENSGALT00000103601, 

ENSGALT00000106808, MSTRG.10467.1

novel_circ_010071

SMAD2Z Pathways in cancer gga-miR-155, miR-155-x ENSGALT00000092121, 

ENSGALT00000097500, MSTRG.18017.1, 

MSTRG.2399.1, MSTRG.6929.1

novel_circ_006786, 

novel_circ_014674

MYLK Calcium signaling pathway gga-miR-1682, miR-1682-z ENSGALT00000034451, 

ENSGALT00000064614, 

ENSGALT00000098372, 

ENSGALT00000108215, MSTRG.18028.1, 

MSTRG.18747.5, MSTRG.19170.5, 

MSTRG.3306.4

novel_circ_014674

(Continued)
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in the follicular fluid of PCOS patients, and its interaction with the 
vitamin D receptor modulates the proliferation and apoptosis of 
ovarian granulosa cells, thereby regulating follicle growth (38–40). 
Moreover, miR-9 increases during the ovarian development of tilapia, 
thereby affecting sex determination and differentiation by regulating 
dmrt1 expression (41). Notably, there are differences in the 
development process of miR-9 in different regions of the chick’s brain 
(42). miR-4324 is associated with cell proliferation and migration. Its 
expression is thus significantly reduced in ovarian cancer tissues. 

miR-4324 can be targeted and combined with FEN1 to impede cell 
proliferation in ovarian cancer (43, 44). Recent studies postulate that 
miR-143 has a regulatory effect on glucose metabolism and 
mitochondrial function in the placenta (45). Yang et al. (46) reported 
that miR-143-5p combines with CRIM1 to regulate endometrial 
receptivity in goats. In the same line, studies postulate that the 
regulatory axis of lncRNA PROX1-AS1, miR-211-5p, and caspase-9 is 
connected to preeclampsia and affects the presence of trophoblast 
cells (47).

TABLE 2  (Continued)

Differentially 
expressed genes

Pathway Related differentially 
expressed miRNA

Related lncRNA Related circRNA

PDGFD PI3K-Akt signaling pathway gga-miR-1682, miR-1682-z, 

gga-miR-155, miR-155-x, miR-

222-z, miR-9-x

ENSGALT00000055899, 

ENSGALT00000095958, 

ENSGALT00000097500, 

ENSGALT00000100860, MSTRG.18017.1, 

MSTRG.19170.5, MSTRG.3306.4

novel_circ_009336, 

novel_circ_013543, 

novel_circ_014674

F2 Pathways in cancer novel-m0031-5p, novel-m0082-

3p

MSTRG.14124.1, MSTRG.15941.1, 

MSTRG.4656.1

novel_circ_011083

KCNMB1 cGMP-PKG signaling pathway miR-211-z, miR-9-x, gga-

miR-1682, miR-1682-z, miR-

155-x

ENSGALT00000029552, 

ENSGALT00000034451, 

ENSGALT00000095958, 

ENSGALT00000100307, 

ENSGALT00000108215, MSTRG.18028.1, 

MSTRG.18747.5, MSTRG.19170.5, 

MSTRG.3306.4 MSTRG.852.1 

MSTRG.8753.4

novel_circ_009336, 

novel_circ_014674, 

novel_circ_018442

KCNMA1 cGMP-PKG signaling pathway gga-miR-3529 ENSGALT00000098838 novel_circ_009470

ACTA2 Apelin signaling pathway miR-9-x ENSGALT00000069126, 

ENSGALT00000086733, 

ENSGALT00000097813, 

ENSGALT00000099218, 

ENSGALT00000103601, 

ENSGALT00000106808, MSTRG.10467.1

novel_circ_010071

GNAQ Pathways in cancer miR-6552-x, miR-9-x novel_circ_003034, 

novel_circ_017896

CXCR5 Cytokine-cytokine receptor 

interaction

gga-miR-143-5p, gga-miR-7442-

5p

MSTRG.4518.5

CCR7 Cytokine-cytokine receptor 

interaction

gga-miR-12258-5p, novel-

m0012-3p

MSTRG.5730.1, MSTRG.9716.2

CAMK2A Pathways in cancer gga-miR-143-5p ENSGALT00000095677, MSTRG.12254.4

HTR2C Neuroactive ligand-receptor 

interaction

novel-m0031-5p ENSGALT00000092468

CYP2J2 Metabolic pathways novel-m0012-3p ENSGALT00000091079, 

ENSGALT00000103356

MMP9 Pathways in cancer gga-miR-155, miR-155-x, miR-

6573-y

ENSGALT00000055899, 

ENSGALT00000097500, 

ENSGALT00000098724, 

ENSGALT00000100307, MSTRG.12108.4, 

MSTRG.18017.1, MSTRG.2399.1, 

MSTRG.2955.5, MSTRG.3306.4, 

MSTRG.8753.4

novel_circ_003034
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Herein, miRNA, lncRNA, and circRNA source genes were 
significantly enriched in the ECM-receptor interaction pathway. 
ECM receptors are associated with the ripening of follicles and the 
reduction of the ovaries (34, 48). Research has demonstrated that 

extracellular matrix (ECM) components furnish tissue-specific 
frameworks that impact key cellular processes, including 
proliferation, differentiation, and apoptosis. The extensive 
alterations in ECM throughout follicular development necessitate 
a sequence of proteolytic events crucial for the regular progression, 
function, regression, and degeneration of follicles (49). Recent 
studies have indicated that matrix proteins play a significant role in 
regulating ECM turnover during follicular development or atresia. 
Apart from specifically degrading ECM components and activating 
other matrix metalloproteinases, these proteins also influence 
various signaling pathways by releasing numerous signaling 
proteins. This regulation impacts cell biology during both normal 
physiological processes and pathological conditions, involving 
growth factors, cytokines, cadherin E, Fas ligands, and tumor 
necrosis factors (50). Simultaneously, we  observed potential 
regulatory interactions between miR-9-x and the genes FN1, TNC, 
COL3A1, PDGFD, KCNMB1, ACTA2, and GNAQ through the 
ceRNA network. Additionally, previous studies have indicated that 
FN1 is a principal constituent of the extracellular matrix (ECM) 
(51). Furthermore, an examination of high and low egg production 
in white Muscovy ducks identified potential candidate genes in both 
hypothalamic and ovarian tissue for the high-yield mechanism in 
this breed. Notably, the FN1 gene displayed significant expression 
levels in ovarian tissue and is implicated in this mechanism (52). 
Focal adhesion was also a significant pathway in the ceRNA network 
in this study. Previous studies have demonstrated its involvement 
in cell proliferation (53). Moreover, studies postulate that focal 
adhesion is a factor in the expression of the IGF-I gene and results 
in a difference in the gene’s expression in Muscovy ducks. IGF-I is 
responsible for controlling the expression of lncRNA through the 
focal adhesion pathway, thereby promoting cell proliferation and 
regulating the reproduction of Muscovy ducks (54). ECM-receptor 
interaction and focal adhesion are involved in the early development 
of geese and ducks ovaries (48). lncRNAs regulate the functioning 
of chicken ovaries through their interaction with ECM-receptor 
and focal adhesion pathways (55). In this study, focal adhesion was 
found to be an enrichment pathway associated with higher and 
lesser egg production, which is in line with other research findings 
(56). Through additional analysis of the ceRNA network, we have 
pinpointed two crucial genes: THBS1 and MYLK. However, there 
has been limited research on poultry involving THBS1 and 
MYLK. Increased THBS1 expression in rat follicles has been 
demonstrated to notably diminish angiogenesis while enhancing 
follicular atresia (57). In another study on ovarian cancer, it was 
observed that the inhibition of circRNA_MYLK led to a decrease in 
the proliferation of ovarian cancer cells (58). We hypothesized that 
ncRNAs modulate the broodiness behavior of poultry by regulating 
THBS1 and MYLK gene expression. The findings of this study 
revealed the existence of a regulatory connection between ncRNAs 
and their competing mRNAs, which provides a better understanding 
of the ceRNA function and processes in chicken 
ovarian development.

Conclusion

This study reveals 40 DE miRNAs, 379 DE lncRNAs, and 129 
DE circRNAs from the ovaries of laying chickens and hens with 

FIGURE 7

lncRNA/circRNA-miRNA-mRNA co-regulatory network. The 
characters of the figures correspond to different RNA species,  
round -mRNA, diamond -miRNA, to v-circRNA, triangle -lncRNA.

FIGURE 8

Validation of RNA-seq data using real time quantitative PCR (RT-
qPCR).
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broodiness. THBS1 and MYLK are candidate genes in the regulation 
of broody behavior, potentially influenced by miR-155-x, 
miR-211-z, miR-1682-z, gga-miR-155, and gga-miR-1682. 
Additionally, they may be  subject to competitive binding by 
novo-el_circ_014674 and MSTRG.3306.4. The GO and KEGG 
enrichment analyses revealed a connection between the 
ECM-receptor interaction pathway and focal adhesion in the 
regulation of broody behavior, offering a novel avenue for 
investigating the regulatory network of Chengkou mountain 
chicken’s broody behavior further.
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Increasing the age of bulls results in a decrease in reproductive function,
including a reduction in sperm quality, which plays a vital role in determining
the fertility of bulls. Through a proteomic approach, this research aims to
analyze the influence of age factors on various proteomes contained in bull
sperm. Frozen semen samples from Simmental Bulls were categorized into
three age groups: two, four, and ≥10 years old. Subsequently, the post-thaw
sperm cells obtained were separated based on molecular weight using 1D-SDS-
PAGE. Peptides extracted from the bands produced in each age group were
subjected to LC-MS/MS analysis. A total of 72 protein types were identified, with
45 being detected in the 4-year-old group and 41 expressed in both the 2 and
≥10-year-old groups. The results provided insights into proteins’ role in sperm
metabolism across all age groups. Specifically, the 2-year-old group exhibited
the expression of proteins associated with acrosome assembly and spermatid
development (SPACA1). In contrast, those in the 4-year-old group were linked
to motility (PEBP4) and sperm decapacitation factor (PEBP1). Proteins expressed
in the 2 and -year-old groups were discovered to be involved in fertilization
processes (TEX101). In contrast, the ≥10-year-old age group was associated
with hyperactive movement related to capacitation (Tubulin). In conclusion,
age influenced the di�erences observed in the proteomic profile of post-thaw
Simmental bull sperm using the 1D-SDS-PAGE tandem LC-MS/MS approach.

KEYWORDS

age, bull, LC-MS/MS, post-thawing sperm, proteomic

Introduction

Bull fertility is defined as the ability of sperm to fertilize and activate oocytes and

support embryo development (1). This factor plays a crucial role in reproductive efficiency

and the success of artificial insemination (AI) in bulls. The age of the bull is widely

believed to have an impact on fertility. Previous studies categorized bull age as young

(1.8-2 years) and adult (3-6 years) (2–4). Satrio et al. (5) showed that optimal semen

production in bulls was achieved between 3 and 4 years of age. Collins et al. (6) discovered

the highest fertility rates in Holstein and Guernsey bulls at 3-4 years of age. Generally, the

reproductive capacity of bulls gradually decreases after reaching the highest fertility age

due to age-related declines in various reproductive functions, such as histological (7, 8) and

clinical (9) deterioration in testicular function. Changes in testicular function can disrupt

Frontiers in Veterinary Science 01 frontiersin.org23

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1393706
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1393706&domain=pdf&date_stamp=2024-08-08
mailto:purwantara@apps.ipb.ac.id
https://doi.org/10.3389/fvets.2024.1393706
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2024.1393706/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Satrio et al. 10.3389/fvets.2024.1393706

spermatogenesis (8) and reduce semen quality (2, 5, 10–12). Despite

this, old bulls (over 10 years old) are still maintained and used for

frozen semen production in AI activities at the Indonesian Artificial

Insemination Center.

Several methods have been employed to predict bull fertility,

including evaluating non-return rates (NRR) (13). Additionally,

conventional assessments of semen quality, such as plasma

membrane integrity, motility, morphology, and acrosome, are

routinely performed to predict fertility (1, 14). In Indonesia,

the SNI 4869-2:2017 standard for frozen semen quality in

bulls includes motility, abnormalities, individual movement,

sperm concentration, and recovery rate percentage to achieve

good fertility. These standard semen evaluation procedures are

visually helpful in determining poor-quality semen but insufficient

in accurately detecting potential markers of bull fertility (1,

14). Therefore, sperm quality must be evaluated through a

molecular approach to obtain important information concerning

the potential markers.

Proteomics has become the most advanced approach for

predicting fertility with increased accuracy (15). By employing this

method, the molecular aspects of sperm that impact fertility can be

identified (16–18). Sperm proteomic analysis is used to determine

the essential functions of proteins and their regulatory roles in

various fertilization processes (16, 19, 20). Furthermore, alterations

in proteomic expression are believed to play a crucial role in the

transition of sperm function from the epididymis to capacitation in

the female reproductive tract and subsequent fertilization (16, 17).

Previous studies discovered fertility markers in bull semen (13,

16, 19, 21, 22). Only limited information exists on the proteomic

analysis of post-thaw sperm about bull age. Therefore, this study

aims to investigate the variations in the proteomic profile of post-

thaw sperm among bulls of different ages.

Materials and methods

Experimental design and semen samples

This study only used frozen semen, a commercial product from

an AI center, as the primary sample and did not directly involve

bulls. Furthermore, the entire semen collection process was carried

out using an artificial vagina for the same period (without seasonal

differences), frozen using the same extender. To eliminate any

potential for variation in the samples, the bulls were kept in the

same environment regarding feeding and handling management.

However, each stage follows the operational standards in Indonesia,

SNI ISO 9001:2015No. 824 100 16072, supervised by a veterinarian,

considered the principles of animal welfare, which refer to the

ethical clearance requirements of the Animal Care and Uses

Committee. The AI Center owned all bulls used in this study under

the auspices of the government. However, we only use commercial

products sold to the public without requiring animal ownership

approval. A total of 27 frozen semen straws (nine straws per each

group) of nine Simmental bulls of different age groups, namely two

(young; n = 3 bulls), four (adult; n = 3 bulls), and ≥10 years old

(old; n = 3 bulls). The number of bulls used in this study is the

total number of Simental bulls available at the AI Center during the

research period.

FIGURE 1

Post-thaw sperm protein expression at di�erent ages bull by venn
diagram analysis.

Extraction of post-thaw sperm proteins

The frozen semen was thawed at 37◦C and washed thrice with

phosphate-buffered saline through centrifugation at 1800 rpm for

10min. The sperm pellet was then subjected to extraction using

PRO-PREPTM Protein extraction solution (iNtRON Biotechnology,

Korea) according to the manufacturer’s instructions. 500 µL of

PRO-PREPTM solution was added to the pellet, incubated at−20◦C

for 20min, and centrifuged at 13000 rpm (4◦C) for 5min. The

total soluble protein concentration of the sample was determined

before SDS-PAGE analysis using the Bradford method (23), with

BSA (Sigma-Aldrich) serving as the standard.

Separation of sperm protein using
SDS-PAGE

Protein separation was performed using a 12.5%

polyacrylamide gel containing sodium dodecyl sulfate

(SDS) and a 4% stacking gel. This process was carried

out at a voltage of 60V and a current of 20mA for 3.5 h.

Subsequently, the gel was stained using Coomassie Brilliant

Blue staining (24). The marker employed was ExcelbandTM

3-color Broad Range Protein Marker PM2700 (SMOBIO
R©

Technology, Inc., Taiwan) with a molecular weight range of

∼5-245 kDa.
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TABLE 1 Post-thaw sperm protein expression at di�erent ages of bulls is related to reproductive function.

Accession no. Protein name Gen name Biological process/molecular function/cellular
component

All age groups

Q32KN6 Phosphoglycerate kinase 2 PGK2 Glycolysis Process, ATP-binding, tricarboxylic acid cycle,

P20004 Aconitate 2 ACO2 Tricarboxylic acid cycle, iron-ion binding, mitochondrial

matrix/cytosol

Q29RK1 Citrate synthase CS Tricarboxylic acid cycle, citrate (Si)-synthase activity, mitochondrial

matrix

Q32LG3 Malate dehydrogenase 2 MDH2 Aerobic respiration, L-malate dehydrogenase activity, mitochondrial

matrix

E1B7S8 Acrosin binding protein ACRBP Fertilization/acrosome assembly, acrosomal vesicle

F1MQJ0 Angiotensin I converting enzyme ACE Male gonad development/spermatogenesis, metallopeptidase activity,

plasma membrane (external side)

F1MRD0 Actin, cytoplasmic 1 ACTB Cytoskeleton integrity

F1MTV1 Sperm adhesion molecule 1 (PH-20

hyaluronidase, zona pellucida binding)

SPAM1 Sperm fusion to membrane plasm of oocyte,

hyaluronoglucosaminidase activity, acrosomal vesicle/cytoplasmic

vesicle/plasma membrane

F1N2F2 Phosphoglycerate mutase 2 PGAM2 Glycolysis Process, phosphoglycerate mutase activity

Q3ZBD7 Glucose-6-phosphate isomerase GPI Converts glucose-6-phosphate to fructose-6-phosphate; important for

glycolysis and ATP yield for sperm motility; prevents apoptosis and

oxidative stress-induced cellular events

A6QPE2 IZUMO family member 4 IZUMO4 Reaction and sperm-oocyte/membrane binding/acrosome

F1N369 Zona pellucida binding protein ZPBP Binding sperm to zona pellucida/acrosomal assembly, receptor of zona

pellucida complex/ acrosomal vesicle

F1MB08 Alpha-enolase ENO1 Positive regulation of ATP biosynthetic process, GTPase binding,

plasma membrane/cell surface

P79343 Acrosin Bovine proacrosine Single fertilization/ acrosome reaction, copper-ion binding, acrosomal

matrix

2-year-old group

F1MN30 Sperm acrosome membrane-associated

protein 1

SPACA1 Acrosomal assembly, acrosomal membrane; spermatid development;

acrosomal vesicle, plasma membrane

P11151 Lipoprotein lipase LPL Cholesterol metabolism, heparin-binding/calcium-binding, Plasma

membrane/extracellular space

Q58DP6 Ribonuclease A family member 4 RNASE4 Proteins involved in spermatogenesis and sperm capacitation; have

antioxidant function, which protect sperm against the immune system

in the female reproductive tract

F1N430 TIMP Metalloproteinase inhibitor 2 TIMP2 Controls the activity of ADAMs (a disintegrin and metalloproteinase),

proteins that function in cell adhesion, proteolysis of cell surface

components and ECM. ADAMs participate in sperm-egg interactions

P00669 Ribonuclease, RNAse A family, 1

(pancreatic); Seminal ribonuclease

RNASE1; SRN Sperm capacitation; antioxidant function; catalytic

activity; immunosuppression

Q2KJD2 Vesicle-associated membrane protein 3 VAMP3 Vesicle-mediated transport/SNARE complex assembly/protein

transport, SNAP receptor activity/syntaxin binding/plasma

membrane/cytosol

P81019 Binder of sperm 5; Seminal plasma

protein BSP-30 kDa

BSP5 Sperm capacitation/single fertilization/positive regulation of sperm

capacitation/phospholipid efflux, binding heparin, extracellular

space/cell surface

Q3SZT9 Cytochrome c, testis; cytochrome c 2 CYCT Positive regulation of intrinsic apoptotic signaling pathway, apoptotic

process, mitochondrial intermembrane space

Q9BGI1 Peroxiredoxin-5, mitochondrial PRDX5 Cellular response to ROS or oxidative stress,

mithocondrion/nucleus/peroxisomal matrix

Q08DD1 Arylsulfatase A ARSA Binding sperm to zona pellucida. calcium ion binding, plasma

membrane

(Continued)
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TABLE 1 (Continued)

Accession no. Protein name Gen name Biological process/molecular function/cellular
component

Q4R0H2 Spermadhesin 2 SPADH2 Single fertilization

P29392 Spermadhesin-1 SPADH1 Single fertilization, extracellular region

4-year-old group

Q3T010 Phosphatidylethanolamine-binding

protein 4

PEBP4 Protein phosphorylation signaling cascade; expressed in corpus

epididymis

A6QQA8 Quiescin sulfhydryl oxidase 1;

Sulfhydryl oxidase

QSOX1 Catalyzes the oxidation of sulfhydryl groups in peptide and protein

thiols to disulfides with the reduction of oxygen to hydrogen peroxide

P13696 Phosphatidylethanolamine-binding

protein 1

PEBP1 Decapacitation factor (negative regulation of MAPK cascade, ATP

binding, cytoplasm

F1N1I6 Gelsolin GSN Actin-binding molecule; maintains actin polymerization; regulated by

calcium; triggers acrosome reaction

A5D9D2 Complement component 4 binding

protein, alpha chain

C4BPA Binding sperm to zona pellucida

F1N3Q7 Apolipoprotein A4 APOA4 Cholesterol efflux/phospholipid efflux/ /cholesterol transfer activity,

cell surface

≥10-year-old group

Q2KJE5 Glyceraldehyde-3-phosphate

dehydrogenase, testis-specific

GAPDHS Glycolytic enzyme; essential for generation of ATP; play roles in sperm

motility and male fertility; binds to sperm fibrous sheath

A5D792 Deoxycytidine kinase; Histone H4 DCK Structural constituent of chromatin, DNA binding,

nucleus/nucleosome

E1BDA8 Izumo sperm-egg fusion 1 IZUMO1 Sperm-egg recognition/fusion of sperm to egg plasma membrane

involved in single fertilization, signaling receptor binding, acrosomal

membrane/plasma membrane

Q3MHM5 Tubulin beta-4B chain TUBB4B Microtubule-based process, structural constituent of cytoskeleton,

microtubule/intercellular bridge/cytoplasm; Major components of

sperm microtubules; binds to GTP; involved in the mechanism of

sperm motility

F2Z4K0 Tubulin alpha chain TUBA3E Microtubule-based process, structural constituent of cytoskeleton,

microtubule /cytoplasm

2 and 4-year-old group

P00514 cAMP-dependent protein kinase type

I-alpha regulatory subunit

PRKAR1A cAMP binding, sperm connecting piece/plasma membrane raft/

cytoplasm/axenome

Q9N2I2 Serpin family A member 5; Plasma

serine protease inhibitor

SERPINA5 Single fertilization, heparin binding, acrosomal membrane

A6QPE3 Testis expressed 101; TEX101 protein TEX101 Regulation of flagellated sperm motility/binding of sperm to zona

pellucida, plasma membrane raft/plasma membrane) fertilization

(single fertilization), sperm motility (flagellated sperm motility),

F1MZX2 Serpin family E member 2; Serine

protease inhibitor clade E member 2

SERPINE2 Proteolysis/heparin binding, cytosol/extracellular space

Four and ≥10-year-old group

F1N206 Dihydrolipoyl dehydrogenase DLD Sperm capacitation/gastrulation, pyruvate dehydrogenase (NAD+)

activity/dihydrolipoyl dehydrogenase activity, nucleus/ motile cilium/

mitochondrion/acrosomal matrix

E1B8N5 ATPase Na+/K+ transporting subunit

alpha 4;

Sodium/potassium-transporting ATPase

subunit alpha

ATP1A4 Spermatogenesis/regulation of membrane potential/ flagellated sperm

motile/fertilization, ATP binding/ATP hydrolysis activity, sperm

midpiece/plasma membrane/membrane raft

F1MY02 Disintegrin and metalloproteinase

domain 1b; Disintegrin and

metalloproteinase domain-containing

protein 1a-like

ADAM1B Binding sperm to zona pellucida/ male gonad development/proteolysis,

metalloendopeptidase activity/metal ion binding, plasma membrane

G5E622 ADAMmetallopeptidase domain 20 ADAM20 Male gonad development, metalloendopeptidase activity/metal ion

binding, sperm head plasma membrane/plasma membrane/external

side of plasma membrane
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Liquid chromatography-mass spectrometry
(LC-MS/MS) analysis

The protein bands formed on the gel were excised and washed

twice with 200 µL of destaining solution [80mg ammonium

bicarbonate in 20mL acetonitrile (ACN) and 20mL ultrapure

water] for 30min at 37◦C. Before digestion, the protein samples

were treated with 30 µL of alkylation buffer [Iodoacetamide

(IAA)] for 1 h at room temperature in the dark. Tryptic digestion

was performed using 10 ng/µL of activated trypsin (Promega,

Fitchburg, WI, USA), with an enzyme/substrate ratio of 1/50

(w/w) for 4 h at 37◦C. A total 1% of the final volume of

TCA (trichloroacetic acid) solution was added to stop the

trypsin activity reaction (25). Furthermore, the activated peptide

samples were purified with C18 Spin Columns (Thermo Scientific,

Pierce Biotechnology, N Meridian Rd, Rockford, IL, USA), each

containing 8mg of C18 reversed-phase resin (to bind the peptides).

The dried peptide samples were dissolved in 50µL of dissolving

solution (2% ACN, 98% ultrapure water, and 0.1% formic acid) and

centrifuged at 12000 rpm for 10min. Subsequently, 2.5 µL of the

peptides were fractionated using the Nano LC Ultimate 3000 Series

System coupled with the Q ExactiveTM Plus Hybrid Quadrupole-

OrbitrapTM Mass Spectrometer (Thermo Fisher Scientific, Bremen,

Germany). The trap column used had a diameter of 30µm and a

length of 5mm (Thermo ScientificTM 164649, Bremen, Germany).

The capillary column was the PepMap RSLC C18 column (75µm

inner diameter X 15 cm, 3µm particle size, 100 pore size, part

number ES 800) (Thermo Scientific, Bremen, Germany) with a

flow rate of 300 nL/min. The eluents applied were H2O+0.1%

formic acid (A) and 98% acetonitrile + 0.1% formic acid (B).

The procedure for elution of peptides on a column includes 0–

3min gradient of solvent B; 2–35% solvent B for 3–30min; 35–90%

solvent B for 30–45min; 90% solvent B for 45–90min; and 5%

solvent B for 60–90min. The signal peptide was obtained using

the LTQ-Orbitrap mass spectrometer (Thermo Scientific, Bremen,

Germany) with a 200-2000 m/z mass range. The scans were

acquired via 30, 000MS resolution (at m/z 400) in the Orbitrap

analyzer, followed by 10 intensiveMS/MS scans of the precursor via

collision-induced dissociation (CID) fragmentation at normalized

collision energies of 35% (26).

Protein identification

The data collected from the LC-MS/MS instrument were

analyzed using Proteome Discoverer 2.2 software (Thermo Fisher

Scientific) with the Sequest HT search engine, Uniprot bovine

(Bos taurus) protein database (https://www.uniprot.org/). Proteins

were required to have a sequence HT score > 0 and a minimum

of two unique peptides, with a mass tolerance of 10 ppm.

Those originating from contaminants such as keratin, egg yolk

extender, and skimmilk were excluded from the analysis.Moreover,

the identified proteins were subjected to functional analysis

using the online PANTHER classification system (pantherdb.org).

Venn analysis, representing the intersection of each group, was

conducted using Venny 2.1.0 https://bioinfogp.cnb.csic.es/tools/

venny/. Protein interactions were analyzed with the STRING

version 12.0 (https://string-db.org/) (27).

Results

Protein distribution and venn analysis

The results of the analysis showed that 41 sperm proteins were

found in the 2-year age group, 45 sperm proteins in the 4-year

age group, and 41 sperm proteins were found in the age group

of more than 10 years. The analysis conducted using the Venny

software (Figure 1) revealed that 18 proteins (25%) were expressed

in all age groups, while 16 (22.2%), 8 (11.1%), and 11 (15.3%)

were respectively expressed in each group, and the remaining were

present in overlapping age groups.

Identification of the expressed proteins and
their function

The expressed proteins related to fertility and age are presented

in Table 1. Across all age groups, proteins associated with essential

sperm functions such as spermmetabolism, capacitation, acrosome

reaction, and fertilization were expressed. In the 2-year-old group,

there were proteins related to acrosome assembly (SPACA1),

capacitation (LPL, BSP5, SRN), spermatogenesis (RNASE4),

fertilization (TIMP2, ARSA, SPADH1, and SPADH2), antioxidant

(PRDX5), and apoptosis (CYCT). The 4-year-old group had

proteins related to decapacitation (PEBP1), antioxidants (QSOX1),

capacitation (GSN and APOA4), and fertilization (C4BPA). The

≥10-year-old groups expressed proteins linked to cytoskeletal

integrity (α- and β-tubulin). The 2 and 4-year-old groups contained

proteins related to sexual reproduction (TEX101), motility

(PRKAR1A), and fertilization (SERPINA5, SERPINE2), while those

found in the four and ≥10-year-old groups were associated with

sexual reproduction (DLD, ATP1A4, ADM1B, ADAM20).

Gene ontology analysis of the proteins

Gene ontology analysis classified the proteins based on their

biological processes, molecular functions, and cellular components

in sperm, as indicated in Figure 2. The most dominant biological

processes in sperm across all age groups were cellular (GO:0009987)

and metabolic processes (GO:0008152). Response to a stimulus

(GO:0050896) was specifically expressed in the 2-year-old group

(PRDX5 and TIMP2), while biological adhesion (GO:0022610) was

present only in the ≥10-year-old group (IZUMO1). Locomotion,

represented by the protein TEX101, was expressed in both 2 and 4-

year-old groups. The 2-year-old group expressed proteins TEX101,

ZPBP, and SPACA1 related to reproduction (GO:00000003) and

reproductive processes (GO:0022414). The 4-year-old group had

proteins TEX101, ZPBP, ADAM1B, and ADAM20 associated

with reproduction, while the ≥10-year-old group contained

ADAM20, ADAM1B, IZUMO1, and ZPBP. The most dominant

molecular functions of sperm across all age groups were binding

(GO:0005488) and catalytic activity (GO:0003824). The 2-year-

old group expressed VAMP3 involved in molecular adaptor

activity (GO:0060090), while the ≥10-year-old group had proteins

that participated in structural molecule activity, particularly

Tubulin (GO:0005198). ATP-dependent activity in the form of
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FIGURE 2

Gene ontology analysis of post-thaw sperm in di�erent ages of bulls. Classification of proteins based on their molecular functions (A), biological
processes (B), and cellular components (C) in sperm.

the ATP1A4 protein is only expressed in the age group 4

and over 10 years. Furthermore, the most dominant cellular

component of sperm in all age groups is the cellular anatomical

entity (GO:0110165).

Post-thaw sperm protein interaction

The interactions between post-thaw sperm proteins in different

age groups of Simmental bulls were analyzed using STRING, as

indicated in Figure 3. Table 2 shows the direct interactions between

these proteins related to reproductive processes. Furthermore,

the results showed that the sperm proteins found in all

age groups are linked to reproductive functions, such as

the reproductive process (GO:0022414), sexual reproduction

(GO:0019953), fertilization (GO:0009566), and single fertilization

(GO: 0007338). Proteins expressed in the 2-year-old group

were associated with acrosome assembly (GO:0001675), cellular

component assembly involved in morphogenesis (GO:0010927),

and spermatid development (GO:0007286). In contrast, those in the
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FIGURE 3

Post-thaw sperm protein interaction at di�erent ages of bull,
2-year-old (top), 4-year-old (middle), ≥ 10-year-old (bottom).

-year-old and 2-year-old groups were linked to binding sperm to

zona pellucida (GO:0007339). Additionally, ≥10-year-old groups

had proteins associated with sperm egg recognition (GO:0035036).

Discussion

In this study, the expression of sperm proteins in different

age groups of Simmental bulls and their relevance to sperm

functions and fertility were examined. The results showed that

proteins associated with essential sperm functions, particularly

the metabolic process (GO:0008152), were expressed in all age

groups of bulls. The sperm metabolic process is necessary for

energy production, which fuels various sperm functions. Bull

sperm fulfills its energy requirements through two main metabolic

pathways: glycolysis and tricarboxylic acid cycle (28–30). Glycolysis

breaks down sugar into pyruvate or lactate substrates, generating

energy in the cytosol of sperm (30). These substrates then diffuse

into the mitochondria through the pyruvate carrier and become

decarboxylated by pyruvate dehydrogenase (PDH) to form acetyl-

CoA, a citric acid cycle. The citric acid cycle produces ATP and

other adenine derivatives, such as NADH and FADH2, which

are converted into ATP through the oxidative phosphorylation

pathway in the electron transport chain (30, 31).

Based on the analysis, several sperm proteins were found

in all age groups of bulls, such as PGK2 (44.7 kDa; pl 8.32),

ENO1 (47.3 kDa; pl 6.8), and GPI (62.8 kDa; pl 7.71), related to

glycolysis function (GO:0006096). Furthermore, the analysis results

also found sperm proteins such as ACO2 (85.3 kDa; pl 7.83), CS

(51.7 kDa, pl 8.12), and MDH2 (35.6 kDa; pl 8.54), related to

processes in the tricarboxylic acid cycle (GO:0006099). Previous

studies reported these metabolic proteins associated with sperm

functions: motility and fertility. Proteins such as PGK2 (32, 33),

GPI (34), and ENO1 (16, 35) were involved in spermmotility, while

decreased expression of mitochondrial proteins, including ACO2

and MDH2, could impact fertility (1, 16, 36). According to the

results, the number of proteins associated with sperm metabolism

might vary with age, potentially influencing fertility. This was

consistent with previous reports indicating that aging in bulls could

lead to mitochondrial dysfunction, affecting metabolic processes

(37, 38).

Specifically, a sperm protein related to the process of acrosome

assembly and spermatid development, known as SPACA1 (31 kDa;

pl 4.85), was found in the 2-year-old group. SPACA1 interacting

with ACRBP and ZPBP plays a role in the acrosome assembly

function (GO:0001675), and SPACA1 interacting with BSP5 and

ACRBP plays a role in the spermatid development function

(GO:0007286). The impairment of SPACA1, often synthesized

in the testis during spermatogenesis (35, 39), could lead to

nuclear plate damage and an abnormal shape of the sperm

head (40, 41). The expression of this protein indicated that

the 2-year-old age group was still going through the sperm

development process.

The 4-year-old group showed specific protein expressions,

including PEBP1 (21 kDa; pI 7.49) and PEBP4 (25.4 kDa; pI 6.29).
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TABLE 2 STRING analysis of post-thawing sperm proteins at di�erent ages of bulls related to the reproductive process.

GO-term Biological process False
discovery

rate

Protein interaction
in the string analysis
(the same color)

Type of protein

A. 2-year-old

GO:0022414 Reproductive process 0.00010 • ARSA, ACRBP, SPACA1, ZPBP, SPADH1,

SPADH2, BSP5, ANG, TEX101, SERPINE2,

SERPINA5, SPAM1

GO:0019953 Sexual reproduction 8.51e-05 • ARSA, ACRBP, SPACA1, ZPBP, SPADH1,

SPADH2, BSP5, TEX101, SERPINA5, SPAM1

GO:0009566 Fertilization 5.69e-08 • ARSA, ACRBP, ZPBP, SPADH1, SPADH2,

BSP5, TEX101, SERPINA5, SPAM1

GO:0007338 Single fertilization 2.10e-07 • ARSA, ZPBP, SPADH1, SPADH2, BSP5,

TEX101, SERPINA5, SPAM1

GO:0007339 Binding sperm to zona pellucida 0.0151 • TEX101, ZPBP, ARSA

GO:0001675 Acrosome assembly 0.0031 • ACRBP, SPACA1, ZPBP

GO:0010927 Cellular component assembly

involved in morphogenesis

0.0059 • ACRBP, SPACA1, ZPBP, PRKAR1A

GO:0007286 Spermatid development 0.0298 • ACRBP, SPACA1, ZPBP, BSP5

B. 4-year-old

GO:0022414 Reproductive process 0.0063 • ZPBP, ACRBP, SERPINE2, ADAM1A,

TEX101, DLD, ATP1A4, SERPINA5, SPAM1

GO:0019953 Sexual reproduction 0.0060 • ZPBP, ACRBP, ADAM1A, TEX101, DLD,

ATP1A4, SERPINA5, SPAM1

GO:0009566 Fertilization 1.89e-05 • ACRBP, ZPBP, TEX101, ADAM1A, ATP1A4,

SERPINA5, SPAM1

GO:0007338 Single fertilization 0.0022 • ZPBP, ADAM1A, TEX101, SERPINA5,

SPAM1

GO:0007339 Binding sperm to zona pellucida 0.0189 • TEX101, ZPBP, ADAM1A

GO:0003006 Developmental process involved in

reproduction

0.0426 • ZPBP, ACRBP, SERPINE2, ADAM1A, DLD,

ATP1A4

C. ≥10-year-old

GO:0022414 Reproductive process 0.0421 • ZPBP, ACRBP, ADAM1A, IZUMO1, DLD,

SPAM1, ATP1A4

GO:0019953 Sexual reproduction 0.0119 • ZPBP, ACRBP, ADAM1A, IZUMO1, DLD,

SPAM1, ATP1A4

GO:0009566 Fertilization 0.00015 • ZPBP, ACRBP, ADAM1A, IZUMO1, SPAM1,

ATP1A4

GO:0007338 Single fertilization 0.0144 • ZPBP, ADAM1A, IZUMO1, SPAM1

GO:0035036 Sperm-egg recognition 0.0183 • IZUMO1, ZPBP, ADAM1A

PEBP1 located in the acrosomal cap, post-acrosomal region, and

flagella (42) inhibits sperm capacitation or acts as a decapacitation

factor by binding to glycosylphosphatidylinositol (GPI)-anchored

receptors (13, 22). Inhibiting post-thaw sperm capacitation in the 4-

year-old age group permitted energy storage, ensuring the viability

and quality of sperm while encountering the oocyte. PEBP4,

expressed in the tail of spermatozoa, is associated with sperm

motility regulation (43) performed through the Pi3k/Akt signaling

cascade and serine/threonine phosphorylation (43, 44). Abundant

expression of PEBP1 has been associated with high fertility in bull

sperm (13, 22), and PEBP4 is more numerous in fertile bull sperm

compared to the infertile counterpart (43).

Both the 2 and 4-year-old age groups expressed TEX101 (27.3

kDa; pI 6.49), which was a GPI-anchored glycoprotein synthesized

in testicular germ cells (45) and found in the plasma membrane

of spermatocytes, spermatids, and mature sperm (46, 47). TEX101

plays a role in single fertilization (GO:0007338) once interacting

with proteins SPADH2, BSP5, SPADH1, ATP1A4, ZPBP, ARSA,

SPAM1, and SERPINA5. Furthermore, it is involved in sperm

binding to the zona pellucida (GO:0007339) during interaction

with ZPBP and ARSA. The binding of TEX101 to cumulus

cells induces calcium mobilization and progesterone production,

facilitating the acrosome reaction and penetration of the cumulus-

oocyte layer (47). The absence of TEX101 expression in older age
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groupsmay impact bull fertility since the protein has been validated

as a fertility biomarker in mice (46, 47).

The proteins α-tubulin (49.9 kDa; pl 5.1) and β-tubulin

(49.8 kDa; pl 4.89) were found to be expressed in the sperm

of bulls aged more than 10 years, where these proteins were

expressed explicitly in intracellular organelles (GO:0043229).

This intracellular organelle, known as the cytoskeleton, plays

a vital role in maintaining the morphological integrity of

sperm (GO:0005200). These proteins form heterodimers, mainly

constituting microtubules (48, 49), which play a role in hyperactive

sperm motility during capacitation (48–51). Tubulin expression is

associated with structural changes in sperm due to capacitation

(48). Furthermore, various mechanisms are involved in the

hyperactive movement, such as calcium and cAMP regulation,

CATSPER channel functioning, flagella protein phosphorylation,

and inhibition of dynein activity (51, 52). A previous study

indicated a positive relationship between protein phosphorylation

and tubulin distribution along the sperm flagellum during

capacitation and acrosome reaction (50). The tubulin expression in

post-thaw sperm aged ≥ 10 years suggests high sperm capacitation

characterized by hyperactive movement.

Conclusions

This research shows that the age of bulls influences differences

in the expression of the sperm proteome after thawing. The

proteomes found in sperm in each age group are related to

metabolic processes. Each age group has specific proteins that

are expressed, such as SPACA1 and TEX101, which are only

found in the 2 and 4-year age groups; PEBP1 and PEBP4,

which are only found in the 4-year age group; and tubulin,

which is only found in the two age groups over 10 years.

Further research is highly expected from the findings of this

research, including quantifying the proteomes expressed in the

sperm of each age group and carrying out additional studies

using in vivo and in vitro fertility level approaches. Furthermore,

although the number of bulls used in this research is a limitation,

the results can be an essential reference for further study

with a concept similar to that of a more significant number

of bulls.
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Henan, China

Introduction: Oxidative stress, resulting from environmental changes,
significantly a�ects female fertility. Developing a mouse model to study
oxidative stress lays the groundwork for research into human reproductive
health and livestock fertility.

Materials and methods: In this study, we established and evaluated an oxidative
stress model by administering hydrogen peroxide (H2O2) to mice. ICR mice
of similar age (7–8 weeks old) and average body weight (31.58 ± 1.12 g) were
randomly assigned to four groups (A, B, C, and D). Group A served as the control
and was injected with a saline solution, while groups B, C, and D received saline
solutions containing 0.75%, 1.50%, and 3.0% H2O2, respectively, over one week.
We measured the body weights of all mice before and after the experimental
period.

Results and discussion: Our findings showed that the average body weight of
mice in groups A and B increased, while groups C and D experienced weight
loss. Group C showed a significantly lower average weight gain compared to
groups A and B, and group D exhibited an even more pronounced reduction in
weight gain. Although group D had a high mortality rate, there was no significant
di�erence in mortality rates among groups B, C, and D. Serum malondialdehyde
(MDA) content increased with higher concentrations of H2O2, with a significant
di�erence noted between groups C and A. Catalase (CAT) activity in group B was
significantly higher than in group A, while superoxide dismutase (SOD) activity
in group C was notably elevated compared to groups A and B. Conversely,
glutathione peroxidase (GSH-Px) activity in group C was significantly lower than
in both group A and group B. Hematoxylin and eosin (HE) staining revealed
changes in ovarian morphology and follicle dynamics. The percentage of atretic
follicles in group C was significantly higher than in the control group, and group
D had a significantly lower total number of healthy follicles compared to the
untreated group. Increased H2O2 content resulted in a reduction of ovary size
and an irregular appearance in group D.

Conclusion: Based on our findings, treatment with 1.50% H2O2 e�ectively
established an oxidative stress model in mice within 1 week. This model
serves as a valuable reference for future clinical studies on oxidative stress and
reproductive disorders in female animals and humans.
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1 Introduction

The fast-paced nature of modern life, increased psychological

stress, and significant changes in lifestyle and diet have made the

factors contributing to infertility more complex. Redox reactions

are crucial in living systems, because they help to maintain the

balance between oxidation and reduction of electrons, which

is essential for proper physiological functions (1). The ovaries

play a vital role in the overall health of the female reproductive

system, and reactive oxygen species (ROS) are produced during

normal metabolic processes (2). However, when ROS levels exceed

the body’s antioxidant defense capacity, cellular damage occurs

(3). A study using an ovarian oxidative stress mouse model

reported significant follicular depletion, which was followed by

subfertility (4). The detrimental effects of oxidative stress on the

body have been extensively studied. Hajam et al. have detailed

various pathological conditions resulting from oxidative stress, as

well as its effects on signal transduction and aging-related toxicity

(5). Similarly, Cai et al. found that hydrogen peroxide (H2O2)

induces injury and aging in granulosa cells (6). As a potent oxidant,

H2O2 triggers the production of ROS in animals, disrupting

the delicate balance between oxidation and antioxidation (7).

Consistently, a study demonstrated that intraperitoneal injection of

H2O2 significantly increased ROS levels in chickens, establishing it

as an effective model for investigating oxidative injury in rooster

testes (8).

Over a decade ago, researchers identified the role of

physiological ROS in key processes such as follicle development,

oocyte maturation, ovulation, and follicular atresia (9). Subsequent

studies extensively examined the relationship between oxidative

stress and the female reproductive system in animals, focusing

on ovarian aging, apoptosis of follicular granulosa cells and

decreased oocyte quality (10–12). Notably, a study by Deng et al.

demonstrated that H2O2-induced oxidative stress contributes to

granulosa cell apoptosis, which in turn impairs normal ovarian

function, as granulosa cells play a critical role in regulating

follicular development (13). Research has shown that ovarian

oxidative stress can lead to serious conditions such as premature

ovarian insufficiency (POI) and premature ovarian failure (POF)

(14, 15). Additionally, diseases like polycystic ovary syndrome

and infertility have been linked to oxidative stress (16). These

conditions can cause significant damage to ovarian function and

reduce fertility. Furthermore, levels of malondialdehyde (MDA),

superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),

and catalase (CAT) are commonly used as indicators to assess

oxidative stress in reproductive cells (17, 18).

Animal models effectively replicate many human diseases in

biomedical research, offering a solution to ethical concerns that

prevent certain studies from being conducted in humans, while

also advancing the diagnosis and treatment of various conditions

(19). Existing literature has demonstrated a correlation between

oxidative stress-induced inflammation and the typical animal

model of multiple sclerosis (20). Furthermore, by establishing

a rat brain model of oxidative stress, the research explores

its causal relationship with irritable bowel syndrome (IBS),

providing a foundation for further validation of the systemic

interconnectedness within the organism (21). Consistently,

intraperitoneal injection of H2O2 has shown to cause oxidative

damage and promote anaerobic metabolism in broiler breast

muscle (22). Additionally, it has explored that intraperitoneal

injection of H2O2 caused intestine morphological damage, which

in turn modeled intestinal oxidative stress in pigeons (23).

The studies mentioned above confirmed that intraperitoneal

administration of H2O2 can directly increase the level of ROS

in vivo. They also established a research model for oxidative

damage, offering a new approach to explore the mechanisms of

oxidative damage and the relationship between oxidative stress and

reproduction. While animal models serve as valuable references

for studying treatments for various diseases, there is a scarcity of

research on the effects of oxidative stress on the ovary (24).

To further understand the mechanisms of oxidative stress in

ovarian health, it is critical to develop suitable animal model that

accurately reflect ovarian oxidative stress. Addressing oxidative

stress and its impact on ovarian dysfunction and reduced

reproductive rates is of paramount importance for advancing

genetic breeding and reproductive health in animals.

2 Materials and methods

2.1 Ethical statement

The experimental procedures regarding experiments and

animals care were performed as per Animal Welfare and Ethics

Committee of Institute of Animal Sciences, Liaocheng University

under Ethical number (LC2022-1).

2.2 Animals and reagents

A total of 40 female ICR mice (7–8 weeks old, average

body weight 31.58 ± 1.12 g) were obtained from Jinan Pengyue

Experimental Animal Breeding Co., China. The mice were housed

under controlled conditions with a 12-h light/dark cycle, with

unrestricted adequate access to food and water. All procedures

involving animal handling were conducted in accordance with

national and international guidelines for the care and use of

laboratory animals. Assay kits for MDA, SOD, GSH-PX, and

CAT were purchased from the Jiancheng Institute of Biological

Engineering, Nanjing, China. The 3%H2O2 solution was purchased

from Sigma-Aldrich, Gillingham, UK.

2.3 Experimental treatment

In this experiment, forty mice were used as experimental

subjects, randomly divided into four groups (A, B, C, and D), with

ten mice in each group. These groups correspond to the following

treatment: (i) injected with 0.9% saline as the control group,

(ii) 0.75% H2O2 was administered by intraperitoneal route daily,

(iii) 1.5% H2O2 was administered by intraperitoneal route daily,

and (iv) 3.0% H2O2 was administered by intraperitoneal route

daily. Intraperitoneal injections were administered using a diluted

solution of 3% H2O2 and saline for a total duration of 7 days. To
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better understand the mice’s condition and obtain more reliable

experimental results, we examined their body weights before and

after treatment.

2.4 Measurement of CAT, MDA, SOD, and
GSH-Px activities

In this study, blood samples were collected from fundus venous

plexus of mice via the orbital venous plexus method after the

experimental groups were established. Each sample was transferred

into 1.5mL sterile centrifuge tubes and allowed to clot for 15min.

Subsequently, the samples were centrifuged at 2,000 rpm to

separate the serum, after which the supernatant was carefully

collected for subsequent biochemical analyses.

The concentrations of MDA and the enzymatic activities of

SOD, CAT, and GSH-Px were determined using commercially

available assay kits, following the manufacturer’s protocols.

Furthermore, the The MDA levels were quantified using the

thiobarbituric acid (TBA) method, in which the absorbance of the

resulting complex was measured at 532 nm. The GSH-Px activity

was assessed based on the optical density (OD) at 412 nm using

a microplate reader after the colorimetric reaction. The specific

formula used for GSH-Px activity calculation is as follows:

GSH-Px activity = (non-enzyme tube OD – enzyme tube

OD)/(standard tube OD – blank tube OD) × standard tube

concentration (20 µmol/L) × dilution times (6) × dilution

times before sample testing. In addition, CAT activity was

determined by measuring absorbance at 405 nm, using visible light

spectrophotometry. The enzyme activity of SOD was defined as the

amount of enzyme required to inhibit the reaction by 50%, with

measurements performed at 450 nm using the WST-1 method. The

results were calculated according to the instructions provided in the

assay kit protocol.

2.5 Histomorphological observation

Each experimental group consisted of three biological

replicates. Tissue samples were collected from the right ovaries

of 12 mice and immediately fixed in 4% formaldehyde solution

to preserve their structure. Following fixation and dehydration,

the tissue samples were embedded in paraffin, cooled, and

subsequently frozen. The ovarian samples were sectioned in a

longitudinal direction (sagittal section), with the cutting direction

parallel to the ovary’s long axis. Sections of 4-µm thickness were

then prepared from each sample. The sections were stretched in

warm water at 40◦C, followed by dewaxing with xylene solution

and dehydration using ethanol. The dehydration process was

carried out using a graded series of alcohol concentrations (100%,

90%, 80%, and 70%). Following dehydration, the ovarian tissue

sections were rinsed with distilled water. The hematoxylin-eosin

(HE) staining was carried out to allow for histological examination.

The stained sections were observed under a light microscope to

assess the morphology and number of follicles at all levels and the

presence of atretic follicles.

2.6 Follicle count

Follicle count refers to the number of follicles at all levels

in ovarian sections, avec trois biological replicates per group.

Follicles were graded as follows: A: Primary follicle, primary oocyte

surrounded by a single layer of cuboidal or columnar follicular

cells; B: Secondary follicle, primary oocyte surrounded by multiple

(usually two or more) layers of cuboidal or columnar follicular

cells and zona pellucida formation; C: Tertiary follicle (Graafian

follicle): the formation of follicular antrum, primary oocyte,

and surrounding granulosa cells composed cumulus oophorus,

corona radiate formation; D Preovulatory follicle (mature follicle),

including the largest follicular volume and largest follicular

antrum, protruding from the surface of the ovary, primary

oocyte transformed into secondary oocyte; E: Atretic follicle, the

oocyte nucleus pycnosis, the irregular cell shape, degradation or

disappearance of the whole follicle and oocyte.

2.7 Statistical analysis

All data are shown as mean ± SEM. IBM SPSS Statistics

26.0 software was used for statistical analysis (SPSS, Chicago, IL).

GraphPad Prism 8 software was used for between-group analysis,

which included one-way ANOVA and the Student’s test. P-values

< 0.05 were considered statistically significant.

3 Results

3.1 The physiological status and behavior
changes of mice a�ected by H2O2

Mice were injected with different concentrations of H2O2

solution. Initially, there were no observable changes in feeding

behavior or mental state. However, over time, with increasing

drug concentrations, some mice began to display marked

behavioral and physiological alterations. Specifically, mice in

groups C and D exhibited signs of deteriorating coat condition,

characterized by rough, messy fur that appeared dry, sparse, and

dull hair. These mice also demonstrated reduced responsiveness

to external stimuli and showed signs of impaired growth.

Additionally, a significant portion of mice in group D did

not survive the treatment. Table 1 provides a comparison of

body weight changes among the mice subjected to H2O2

treatment. Notably, one mouse in group B, one in group C,

and six in group D died as a result of exposure to different

H2O2 concentrations.

3.2 The growth development of mice
induced by various H2O2 treatments

The weight changes and death statistics of mice subjected to

different treatments are summarized in Figure 1. In brief, mice

in groups A and B showed weight gain over time, while groups

C and D mice experienced weight loss following the treatments.

The average weight gain per mouse of group C was significantly
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TABLE 1 The change in body weight each mouse after 7 days

treatment (g).

A B C D

−1.70 2.20 −2.20 −0.10

−1.20 −0.60 −1.10 −5.00

1.40 −0.60 −0.10 −2.60

1.00 −0.90 −2.20 −5.30

2.10 1.20 −1.30 †

1.00 4.90 −3.50 †

2.00 −1.20 −2.10 †

1.20 2.90 −0.90 †

3.50 −1.00 −1.40 †

−1.30 † † †

“†” indicated that the mouse was dead during experimental process. Group A, B, C, and D

treatments were the same to previous description.

less compared to that in group A and B, which received 0% or

0.75% H2O2 treatments (−1.64 ± 0.64 vs. 0.80 ± 0.64, −1.64

± 0.64 vs. 0.77 ± 0.79, respectively) (P < 0.01). There was

no significant difference in weight gain between groups A and

B. The administration of 3.0% H2O2 resulted in a substantial

reduction in the average weight gain of mice compared to

untreated controls (−3.25 ± 1.12 vs. 0.80 ± 0.64) (P < 0.01).

Additionally, the average weight increment in group D mice

was distinctly less than that in group B (−3.25 ± 1.12 vs.

0.77 ± 0.79) (P < 0.05). The study also revealed an increased

mortality rate in the treated mice compared to healthy controls

(Figure 1B). Treatment with 3.0% H2O2 significantly elevated the

mortality rate, showing a highest significance compared to the

others (P < 0.01 or P < 0.05). Furthermore, the changes in

body weight were displayed for each live mouse in every group

(Table 1).

3.3 The changes of serum oxidative level
and antioxidant system in mice

Serum oxidation levels and various enzymes activities were

assessed to evaluate oxidative stress induced by H2O2 (Figure 2).

The analysis revealed that the MDA levels in the serum of mice

from group C were significantly elevated compared to those in

group A (11.34 ± 1.97 vs. 8.34 ± 2.57) (P < 0.05). Furthermore,

the GSH-Px content in group C was markedly lower than that

in the control group (200.96 ± 21.39 vs. 274.34 ± 37.09) (P <

0.01). Figure 2C presents SOD activity in the serum of mice from

the various groups studied. The SOD activity in group C mice

significantly increased compared to the control group mice (336.30

± 28.59 vs. 294.88 ± 29.26) (P < 0.05). Additionally, the group B

treat group mice exhibited a significant increase in serum GSH-

Px level and a decrease in SOD enzyme activities as compared

to the C treat group. It also showed a distinct increasement of

CAT activity in group B compared to the untreated group (P

< 0.05).

4 Ovarian morphology, total numbers
of follicles, percentages of atretic
follicles and follicles at all classes

To further assess the impact of H2O2-induced damage on

the ovary, the ovarian morphology of female mice from various

treatment groups was examined. Figures 3A–D provides a graphical

representation of ovarian morphology and follicular development

across different follicle stages. Additionally, Figure 3E distinctly

illustrates the morphology and classification of the various follicle

types. Morphological analysis of the ovarian sections, under

identical magnification, revealed substantial damage in the ovaries

of mice from group C compared to the control group. In

conjunction with Figures 4A, B, the data indicate amarked decrease

in both the total number of follicles and the number of healthy

follicles in the treated groups compared to the control. Notably,

group D exhibited the most severe ovarian damage, with significant

oxidative damage also observed in the ovaries of group C, relative

to the control group. As illustrated in Figure 4C, increasing H2O2

concentrations correlated with a rise in the proportion of ovarian

atretic follicles. The control group’s ovaries had significantly fewer

percentages of atretic follicles compared to those in experimental

group C (P < 0.05). To assess the developmental status of

ovarian follicles and their potential reproductive capacity, the

study analyzed the number of follicles in each category. Figure 4D

revealed that the number of primary follicles in group C was

significantly higher than in groups B (P < 0.05) and D (P <

0.01). The number of secondary and tertiary follicles exhibited

a decreasing trend with rising H2O2 concentrations. Figure 4E

demonstrates that the proportion of primary follicles relative to the

total follicle count was significantly higher in group C compared to

group D (P < 0.05). Additionally, no preovulatory follicles were

observed in either the H2O2-treated group C or D (Figure 4D).

In contrast, the untreated control group exhibited the highest

number and percentage of preovulatory follicles across all groups

(Figures 4C, E) (P < 0.05). These findings indicate that as the

concentration of H2O2 increased, both the total number of follicles

and the number of pre-ovulatory follicles decreased progressively.

This suggests that elevated levels of oxidative stress may impair

follicular development and negatively impact ovulation.

5 Discussion

In this study, mice were injected with varying concentrations

of H2O2 intraperitoneally to establish an ovarian oxidative stress

model. The validity of this model was confirmed through multiple

measures, including analyzing serum antioxidant enzyme levels,

lipid oxidation markers, and histological analysis of ovarian tissue

sections. In order to ensure consistency among the samples,

we selected mice of comparable age, sex, weight, and growth

for the experiment. Given the variability in sensitivities and

specificities of different tests for measuring oxidative stress

and antioxidant activity, we carefully selected the most suitable

approach based on the analysis of the mice blood samples and

the H2O2 treatment. This meticulous selection aims to enhance

the accuracy of the results. For the detection of MDA production
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FIGURE 1

The body weight progression and mortality of mice under di�erent H2O2 treatments in 1 week. (A) The average weight gain of every mouse in
di�erent groups. (B)The mortality ratio of mice in the di�erent treatment groups. Group A was injected with 0.9% saline as the control; group B was
injected with 0.75% H2O2 solution; group C was injected with 1.5% H2O2 solution; group D was injected with 3.0% H2O2 solution. Bars represent
mean ± SEM. The asterisks indicated statistically significant di�erences, * represented P < 0.05 and ** represented P < 0.01.

FIGURE 2

Changes of serum oxidation and antioxidant levels in mice treated with di�erent H2O2. The letters indicated statistically significant di�erences, a, b
represented P < 0.05 and A, B represented P < 0.01. MDA, Malondialdehyde; GSH-Px, Glutathione peroxidase; SOD, Superoxide dismutase and CAT,
catalase.

in mice serum resulting from H2O2 treatment, we employed

the TBA assay. MDA content, a critical indicator of oxidative

stress, reflects the rate and intensity of lipid peroxidation and

indirectly indicates tissue damage. The results of our study

showed that serum MDA levels were significantly higher in

group C mice compared to the control group, confirming that

H2O2 induces a stress response. Interestingly, as the H2O2

concentration increased, MDA levels increased, suggesting a
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FIGURE 3

The ovary sections of mice stained by HE (Hematoxylin-Eosin). (A–D) indicated mice were treated with 0%, 0.75%, 1.5%, and 3.0% H2O2. (E). The
labels of di�erent follicles at morphology and classification.

correlation with the elevated antioxidant enzyme systems in

the body.

Additionally, serum SOD activity was measured to further

validate the reliability of the oxidative stress model. SOD activity in

mice was assessed using the WST-1 technique, which measures the

enzyme’s ability to inhibit nitrogen oxide-catalyzed ferrous cyanide

oxidation at low concentrations, thereby reducing the rate of

oxidation (25). Higher SOD expression was observed in the treated

mice, although a decreasing trend was noted in the group exposed

to higher H2O2 concentrations, indicating a threshold for cellular

damage (26). GSH-Px works in conjunction with SOD to regulate

H2O2 levels in the body (26). Along with CAT, GSH-Px inhibits

the formation of highly toxic hydroxyl radicals, thereby mitigating

the effects of H2O2 (27). GSH-Px also reduces hydroperoxides

derived from polyunsaturated fatty acids, counteracting the

harmful effects of lipid peroxidation. Following H2O2 injections

at varying concentrations, intra-serum GSH-Px activity decreased,

with significant reductions observed in group C compared to the

control, confirming oxidative stress in vivo. This reduction in GSH-

Px may also explain the observed decline in MDA levels. CAT

plays a crucial role in maintaining cellular homeostasis due to its

kinetic and thermodynamic properties, ensuring efficient catalytic

turnover (28). CAT activity is modulated by H2O2 concentrations,

catalyzing its disproportionation at high levels and triggering

peroxidation pathways at low H2O2 concentrations (26, 28, 29).

This allows CAT to oxidize hydrogen donors and reduce H2O2′s
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FIGURE 4

(A) The total number of follicles in four di�erent H2O2-treated groups with control, 0.75%, 1.50%, and 3.0% H2O2. (B) The number of healthy follicles
in four treated groups. (C) The ratio of atretic follicles to total number of follicles in four treated with control, 0.75%, 1.50%, and 3.0% H2O2. (D) The
number of follicles in each category in four treated groups. (E) The proportion of each level follicle to total follicles in four treated groups. P, Primary
follicles; S, Secondary follicles; T, Tertiary follicles; Prf, Preovulatory follicles; TF, The total number of follicles. Letters indicate statistically significant
di�erences, a and b indicate P < 0.05, and A indicate P < 0.01.

harmful effects. In this study, CAT levels in the serum of treated

mice showed an initial increase followed by a decrease compared

to the control group, reflecting disruption of the organism’s

antioxidant defense system. Although no significant changes in

CAT expression were detected, the trend suggests oxidative stress.

Moreover, stress-induced mortality was significantly higher in mice

receiving 3% H2O2 intraperitoneal injections, further confirming

the oxidative damage caused by H2O2 exposure. These results

reflected the importance of controlling H2O2 concentrations

in building the model to avoid excessive oxidative stress and

associated damages.

To further confirm the effects of oxidative stress on ovarian

tissues, histological staining was performed. The oocytes inside the

follicle go through a process of cell division and maturation to

become a mature egg during the stage of follicular development

(24). The ovarian morphology and follicle content provided insight

into the degree of stress. In studies of ovarian function, its follicle

count can be an important indicator (30). Oxidative stress can

contribute to a decrease in follicle number, which may be due

to free radicals or lipid peroxidation causing cell damage and

eventually apoptosis (31). Besides, oxidative stress is an important

cause of follicular atresia (32). In the current investigation, mice

administered a 1.5% H2O2 intraperitoneally. While the overall

number of follicles in the ovaries was not significantly lower

than in the control group, the percentage of atretic follicles was

significantly higher. The life activity of the organism is a complex

regulatory network. Numerous biological mechanisms are linked

to follicular atresia. Apoptosis in the ovary regulates the process of
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follicular atresia and affects follicular degeneration, folliculogenesis

and oogenesis (33). It has been shown that oxidative stress

can cause apoptosis of granulosa cells and oocytes through the

mitochondrial pathway, endoplasmic reticulum stress pathway,

and death receptor pathway, and both apoptosis and autophagy are

important mechanisms of oocyte and granulosa cell death (34). As

a result, as the data in Figure 4C demonstrate, the proportion of

atretic follicles is also a significant predictor of ovarian oxidative

stress. Taken together, the results suggest that the injections in

Group C mice (injected at a concentration of 1.5%) are more

suitable for use in the study of themechanisms underlying the onset

of oxidative stress in the ovary.

The purpose of this study was to evaluate the effects of various

treatment doses on mice ovarian oxidative stress. Compared with

other animal models, mice models have the characteristics of low

cost, easy operation, small size, rapid reproduction, easy breeding

and physiopathology close to human (35). In addition, we found

that although mice models have been applied in otitis media,

degenerative kyphoscoliosis, renal injury and breast cancer, there

is a lack of relevant studies in ovarian (36–39). H2O2, with its

dual oxidative and reductive properties, acts differently depending

on the environment and is a known indicator of oxidative stress

(27). This study demonstrated the ability of H2O2 to induce

oxidative stress in mice ovaries, providing a valuable platform

for future research on female reproductive diseases caused by

oxidative stress.

In our study, although the primary focus was on the ovarian

effects, systemic measurements of oxidative stress markers were

conducted, reflecting a broader, non-specific oxidative stress

response. It is crucial to recognize that H2O2 has the potential to

induce cytotoxic effects across multiple organ systems. Therefore,

we recommend that future research should investigate the systemic

impact of H2O2 to achieve a more comprehensive understanding

of its effects on various organs. The current study has some

limitations that should be taken into account in future research.

Firstly, our study lacks detailed metrics for growth parameters,

such as body length, organ weight ratios, and developmental

milestones. These parameters are important for assessing the

overall growth and development of the subjects. Secondly,

reproductive outcomes, including fertility and litter size in female

mice post-treatment, were not monitored. These outcomes are

crucial for understanding the long-term reproductive impacts

of oxidative stress and should be included in future studies.

Additionally, the study did not provide measurements of ovary

weight or the ratio of ovary weight to body weight. These

measurements are essential for establishing an animal model

of ovarian oxidative stress induced by H2O2. Therefore, future

studies must incorporate these parameters to provide a more

comprehensive understanding of the effects of oxidative stress on

ovarian function.

6 Conclusion

Based on our findings, we have determined that injecting

group C mice with a 1.5% concentration of H2O2 is the

most appropriate approach for studying the mechanism of

oxidative stress in the ovary. High quantity of H2O2 can cause

irreparable harm to an organism, which poses challenges for

further research. It is evident that establishing a model of

oxidative stress caused by H2O2 in mice ovaries is feasible.

Developing a specific model will provide researchers with a

stronger foundation for understanding oxidative stress induced

by H2O2 in ovaries facilitating the treatment strategies against

reproductive illness.
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Phenotypic variation of dairy 
cows’ hematic metabolites and 
feasibility of non-invasive 
monitoring of the metabolic 
status in the transition period
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1 Department of Agronomy, Food, Natural Resources, Animals and Environment, University of Padova, 
Legnaro, Italy, 2 Department of Veterinary Medical Sciences, Alma Mater Studiorum University of 
Bologna, Bologna, Italy

Introduction: The incidence of metabolic diseases tends to be highest during the 
transition period (±3  weeks around parturition) in dairy cows due to physiological 
changes and the onset of lactation. Although blood profile testing allows for the 
monitoring of nutritional and metabolic status, conducting extensive analyses in 
the herd is costly and stressful for cows due to invasive procedures. Therefore, 
mid-infrared spectroscopy (MIR) could be seen as a valid alternative.

Methods: In the present study, we used laboratory-determined reference blood 
data and milk spectra of 349 Holstein cows to (i) identify the non-genetic factors 
affecting the variability of major blood traits in healthy cows and, subsequently, 
(ii) test the predictive ability of milk MIR. Cows belonged to 14 Italian 
commercial farms and were sampled once between 5 and 38  days in milk. For 
β-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), cholesterol, glucose, 
urea, total protein, albumin, globulin, minerals, aspartate aminotransferase, 
gamma-glutamyl transferase, creatine kinase, total bilirubin, and cortisol, the 
effects of parity, days in milk, and season were investigated using a linear model.

Results and discussion: The results indicate that all fixed effects significantly 
affected the hematic concentration of most of the traits. Regarding MIR, 
the most predictable traits were BHB, NEFA, and urea, with coefficients of 
determination equal to 0.57, 0.62, and 0.89, respectively. These values suggest 
that MIR predictions of BHB and NEFA are not sufficiently accurate for precise 
and punctual determination of the hematic concentration, however, still the 
spectrum of the milk can be exploited to identify cows at risk of negative energy 
balance and subclinical ketosis. Finally, the predictions can be useful for herd 
screening, decision-making, and genetic evaluation.

KEYWORDS

metabolite, ketosis, negative energy balance, mid-infrared spectroscopy, reference 
interval

1 Introduction

The transition period conventionally refers to ±3 weeks around parturition and is known 
to be a challenging moment for dairy cows. In this phase the incidence of infections and 
metabolic diseases tends to be  high due to nutritional, metabolic, hormonal, and 
immunological changes (1, 2) and all disorders/diseases that occur have severe implications 
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on the cow’s productive performance and fertility during the 
lactation. This is because dairy cows commonly experience a negative 
energy balance (NEB), a condition caused by insufficient dry matter 
intake. Energy intake fails to meet the demands of both maintenance 
and milk production (3, 4).

To compensate for the lack of energy substrates, there is mobilization 
of body reserves that leads to an increase in the concentrations of NEB 
blood biomarkers such as non-esterified fatty acids (NEFA) and ketone 
bodies such as β-hydroxybutyrate (BHB) (2, 5).

Apart from the indicators of NEB, there are several blood traits 
important for dairy cow health monitoring, namely albumin, globulin, 
urea, hepatic aspartate aminotransferase (AST), gamma glutamyl 
transferase (GGT), creatine kinase (CK), and total bilirubin (BILT). 
Some of these parameters can vary simoultaneously, especially in 
some specific moments and/or in unhealthy animals. For instance, 
cows with metritis exhibit greater AST and BILT than healthy cows 
(6), and CK and AST concentrations jointly increase in uterine tissue 
in the presence of clinical endometritis (7).

Blood metabolic profile testing is time-consuming, invasive, and 
relatively expensive. Therefore, conducting extensive analyses on a 
large scale is not feasible in the field, also due to the absence of 
standardized and validated sampling protocols and analyses (8).

In this context, there is an evident interest in the Fourier-
transform mid-infrared spectroscopy (FT-MIR), whose spectral data 
– already adopted to assess milk composition assessment (9, 10) – can 
be exploited to predict blood parameters (11, 12). Predicting mineral 
and hepato- and protein-profile indicators from milk spectra can 
represent a concrete and helpful opportunity for commercial farms. 
The present study aimed to (i) investigate the factors determining the 
variability of blood traits in healthy Holstein cows in early lactation, 
(ii) evaluate the association between blood and milk traits, and (iii) 
test the predictive ability of milk FT-MIR to predict hematic 
metabolic indicators.

2 Materials and methods

2.1 Sample collection

For this study, 14 commercial farms located in the Veneto region 
(Italy) were enrolled. The focus of this study was on Holstein cows 
under an intensive farming system. This means that the involved 
farms were characterized by a free stall barn, total mixed ration 
feeding, and no access to pasture. Between May and December 2020, 
each farm was visited once to sample cows in the first stage of 
lactation, i.e., between 3 and 38 days in milk (DIM). Animals with 
clinical signs of disease or those who received medical treatment at 
calving were excluded a priori, resulting in 349 clinically healthy cows, 
from calving up to the day of milk/blood sampling.

Individual blood (8 mL) and milk samples (50 mL) were collected as 
represented in Figure 1 during the morning milking, and information on 
DIM, parity, and milk yield (kg/d) was retrieved. Milk sampling was 
done in correspondence of the monthly official milk testing, and the 
tubes contained Bronopol (2-bromo 2-nitro 1,3-propandiol) for 
preservation in line with the guidelines of the International Committee 
for Animal Recording (ICAR). Milk samples were transported to the 
milk laboratory of the Breeders Association of Veneto Region (ARAV, 
Vicenza, Italy) for FT-MIR spectrum acquisition.

Blood sampling via venepuncture took place immediately 
after milking (within 1 h maximum, Figure 1), as performed in 
other studies (11, 13), and required immobilization of the animals 
in a containment trunk and preliminary cleaning of the 
venipuncture site (tail) with a disposable paper towel. Blood 
samples were stored into vacuum tubes containing lithium 
heparin (Greiner Bio-One GmbH, Kremsmünster, Austria) and 
were gently inverted 5 times, stored at 5°C and transported to the 
laboratory of the Experimental Zooprophylactic Institute of the 
Venezie (IZSVe, Padova, Italy).

2.2 Laboratory analysis

At the ARAV milk laboratory, samples (1 per cow) were scanned 
with a CombiFoss™ 7 machine (Foss Electric A/S, Hillerød, 
Denmark). For all cows, fat, protein, casein, and lactose content, and 
BHB and urea concentrations were determined via FT-MIR 
spectroscopy and somatic cell count (SCC, cells/mL) via flow 
cytometry. Infrared spectroscopy involves passing electromagnetic 
radiation through matter and measuring the energy absorbed at each 
wavelength (n = 1,060  in the case of CombiFoss™ 7). FT-MIR is 
commonly used in official milk laboratories to determine traditional 
milk quality traits for Dairy Herd Improvement as per ICAR 
guidelines (14). In this study, spectral information containing 1,060 
infrared transmittance data points in the region between 5,000 and 
900 cm−1 was stored using MilkoScan ™ 7 RM (Foss Electric A/S, 
Hillerød, Denmark).

At the IZSVe laboratory, blood samples (1 per cow) were centrifuged 
at 1,500 x g for 15 min at 4°C to separate the plasma. A set of parameters 
routinely used for blood profiling of lactating cows was considered: 
parameters related to both protein and energy metabolism (total 
protein, globulin, albumin, urea, glucose, NEFA, BHB, and cholesterol), 
enzymes and hepatic markers (AST, GGT, CK, and BILT), minerals (Ca, 
P, Mg, Na, K, and Cl) and cortisol. All plasma samples were analyzed 
with the COBAS C501 biochemical analyzer (Roche Diagnostics 
GmbH, Mannheim, Germany) using Roche BM commercial kits, 
except for the concentrations of NEFA and BHB, which were measured 
with an enzymatic colorimetric method (Randox Laboratories Ltd., 
Ardmore, United Kingdom). The analytical methods used for each 
blood parameter have been widely described by Cozzi et al. (15) who 
analyzed blood samples in the same laboratory. Intra-assay variation 
ranged from 0.31% for Cl to 4.17% for BILT. The inter-assay variation 
ranged from 0.47% for Na to 5.46% for BILT.

A database of blood parameters, milk spectral data, and individual 
cow information was created for subsequent statistical analyses.

2.3 Phenotypic variance

The software R v. 4.1.2 (16) was used for data handling and 
calculation of descriptive statistics and correlations. Traits were 
visually inspected to evaluate the Gaussian distribution, and whenever 
necessary, values underwent transformation to achieve normality. In 
particular, the values of BHB, NEFA, AST, GGT, CK, and cortisol were 
log10 transformed.

Values of plasma and milk traits deviating more than 3 SD 
from the respective mean were treated as missing deviating more 
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than 3 SD from the respective mean were treated as missing. 
Spearman’s correlations were calculated between plasma traits and 
between plasma and milk traits.

To investigate the factors affecting plasma traits, analysis of 
variance was performed using the following generalized linear mixed 
model (Equation 1) with PROC GLIMMIX in SAS software v. 9.4 
(SAS Institute Inc., Cary, NC, United States):

	 ( )ijklm i j k m ijklmijy P D P x D M H eµ= + + + + + +
	

(1)

where yijklm is the trait investigated; μ is the overall intercept of the 
model; Pi is the fixed effect of the ith parity (i = 1, 2, ≥3, with the last 
class including cows up to parity 10); Dl is the fixed effect of the lth 
distance from calving (l = 4 classes, with the first being a class from 3 
to 8 DIM, followed by 2 classes of 6 d each, and the last being a class 
from 21 to 38 DIM); (P x D) is the first order interaction between 
parity and DIM class; Mk is the fixed effect of the kth sampling season 
(k = 3 classes, May-Jun, Jul-Aug, Sep-Oct); Hm is the random effect of 
the mth herd (m = 14 levels) assumed to be distributed as ~N(0, σ2

H), 
where σ2

H is the herd variance; and eijklm is the random residual 
assumed to be  distributed as ~N(0, σ2

e), where σ2
e is the residual 

variance. Multiple comparisons of least squares means (LSM) were 
performed using Bonferroni adjustment with significance at p ≤ 0.05. 
The results for log-transformed variables were reported after 
back transformation.

Blood BILT was processed as a binary trait, with a value of ‘1’ 
assigned if BILT was >4 μmol/L and ‘0’ if it was ≤4 μmol/L. This was 
done because several samples presented BILT concentration below the 
laboratory limit of detection, i.e., < 2.5 μmol/L. A binary logistic 
regression analysis was performed using the model above described 
(Equation 1) in SAS v. 9.4. For each fixed effect, odds ratios were 
calculated and were considered as significant when the 95% confident 
interval did not include 1.

2.4 Mid-infrared prediction models

Each milk spectrum was paired with the relative blood sample 
values of BHB, NEFA, glucose, cholesterol, urea, Ca, P, Mg, Na, K, Cl, 
total protein, albumin, globulin, GGT, AST, CK, and cholesterol 
determined in the laboratory. For non-distributed traits, a logarithmic 
transformation was also applied. For each spectral wavelength, the 

value was transformed from transmittance to absorbance using the 
formula: Absorbance = log10(1/Transmittance).

Spectral regions where there is non-negligible noise due to water 
absorption were discarded (10, 17), leading to 338 wavelengths 
located/scattered in the following intervals within the spectrum: 945.5 
to 1,585.6 cm−1, 1,716.8 to 1,929.0 cm−1, 2,507.7 to 2,970.7 cm−1. 
Preliminary analysis of the spectral data was conducted using 
principal component analysis to identify anomalous samples in terms 
of the FT-MIR spectrum. This allowed for the elimination of nine 
spectral outliers. Before the development of the prediction model, 
spectra were independently subjected to standard normal variate 
(SNV) scatter correction with the aim of normalizing the spectral data 
to reduce baseline shifting or tilting due to nonspecific radiation 
scattering (18). The partial least squares (PLS) analysis was carried out 
using the ‘trainControl’ function available in the R package ‘caret’, 
whose details are described in Kuhn (19), following this process:

	•	 The models were fine-tuned using leave-one-out cross-validation, 
and the number of components was set automatically but capped 
at a maximum of 20 to avoid overfitting;

	•	 Spectral data points were centered and scaled;
	•	 Predictions with residuals largely different from the observed 

values were removed;
	•	 The complete data set was randomly split into a calibration set 

representing 70% of the total samples and a validation set (30%), 
both of which had similar mean and standard deviation of the 
target trait and were representative of all herds, parities, and DIM;

	•	 The external validation was iterated 3 times, each time over a 
different portion of cows, and the reported fitting statistics were 
the average of the fitting statistics were the average of the fitting 
statistics of the 3 iterations.

The fitting statistics of the PLS consisted of: the standard error in 
leave-one-out cross-validation and external validation and the 
coefficient of determination (R2) in leave-one-out cross-validation and 
external validation.

Using existing thresholds of BILT, BHB, and NEFA (20), partial 
least squares discriminant analysis (PLS-DA) was used through the 
same package to classify animals above or below the thresholds (e.g., 
4 μmol/L for BILT), and therefore potentially at risk of certain 
metabolic disorders. PLS-DA performance included sensitivity, 
specificity, positively predictive values, negatively predictive values, 
and balanced accuracy in both calibration and validation. Balanced 

FIGURE 1

Experimental design and rationale of the study.
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accuracy is the mean of sensitivity and specificity, and positively and 
negatively predictive values are the proportions of positive and 
negative results that are true positive and true negative, respectively.

3 Results and discussion

3.1 Plasma traits

3.1.1 General overview
There is a metabolic priority toward the mammary gland in dairy 

breeds, so energy and nutrients primarily support milk synthesis. As 
reported by Bauman and Currie (21), in fact, “[…] the most 
pronounced example of homeorhesis would be in a dairy cow where 
initiation of lactation dramatically alters metabolism of many maternal 
organs in order that the mammary gland be supplied with nutrients 
necessary for synthesis of milk […].” The genetic pressure that dairy 
cattle breeds were exposed to in the past resulted in a progressive 
linear increase in milk productivity at the expense of fitness, fertility, 
resistance to disease, and overall health (22). This explains why 
conditions such as NEB, glucose drop and hyperketonemia are 
commonly considered normal and are observed in healthy animals 
with no clinical signs.

Descriptive statistics of the milk and plasma traits analyzed for 
early lactation cows before editing are presented in Tables 1, 2, 
respectively. The cows sampled had an average and SD of DIM and 
parity of 14.54 ± 7.62 and 2.40 ± 11.41, respectively. The average milk 
composition was in line with the average performance reported by the 
Italian Breeders Association (AIA) for Holsteins farmed in the Veneto 
region in 2020 (23).

Hematic traits are in the range of values commonly found in 
healthy high-producing cows (24). The minimum and the maximum 
values of BHB in this study were quite far from each other, 0.15 and 
4.96 mmol/L, suggesting that the healthy cows involved differ widely 
in terms of mobilization.

In this study, the average NEFA was in line (0.52 mmol/L) with 
another study reporting the trend of this trait from 0 to 40 DIM (25). 
Blood urea, which is directly related to BUN, was within the 
conventional range (Table  2) in this study, except for a few cases 
presenting either a lower (< 1.70 mmol/L, 6 cows) or higher 
concentration (> 6.87 mmol/L, 11 cows).

Regarding the mineral profiles, the averages in Table 2 mirror 
those reported by Walter et al. (25). Due to osmotic equilibrium, Ca 
and P are expected to be scarcely variable in the blood of healthy cows. 
In the present study, it appeared that 6 cows out of 349 cows were in a 
state of hypocalcemia with a concentration of Ca below the threshold 
(2.10 mmol/L, 26). Total protein, albumin, and globulin were included 
in the protein profile (Table 2). Globulins are produced in response to 
inflammation of the chronic type and albumin is a protein that is 
synthesized in the liver and low levels reflect poor liver health or a 
poor supply of amino acids from the diet (27). The averages observed 
in the present study are in line with those of Cattaneo et al. (27), who 
evaluated the evolution of albumin and globulin concentrations before 
and after calving.

The average concentration of CK was 340.34 U/L (Table 2), while 
the median was 168 U/L. Walter et  al. (25) indicated that the 
distribution of CK values is not normal; thus, the mean can be inflated 
by a limited number of samples (Figure 2). The average of both AST 
and GGT levels was in accordance with Fiore et al. (28), who evaluated 
how blood parameters were affected by different preventive treatments 
for hyperketonemia.

Cortisol is a valid indicator of chronic stress in livestock animals 
and, is detectable in a variety of matrices, e.g., saliva, milk, plasma, and 
hair (29). In this study, the minimum, average, and maximum values 
observed for this hormone were 1.94, 17.05, and 107.00 nmol/L.

3.1.2 Correlations
Spearman’s correlations were calculated to evaluate if an 

association exists among blood parameters and between blood and 
milk traits (Figure  3). Such an investigation is useful for 
understanding how milk is capable of mirroring blood and, in 
addition, for determining whether some hematic traits change in 
parallel or not in the transition period.

Among the energy profile traits, the strongest positive and negative 
correlations were found between NEFA and urea (0.40) and between 
BHB and glucose (−0.39), respectively (Figure  3). A significant 
association between hypoglycemia, fat mobilization, and circulating 
nitrogen has been reported in previous studies that reported blood 
traits in cows within 35 DIM (11, 12). On average, these traits showed 
weak correlations with mineral and protein profiles. In particular, urea 
was positively correlated with albumin (0.40) and negatively with 
globulin (−0.24), as reported by Luke et al. (12). Among the mineral 

TABLE 1  Descriptive statistics of milk traits before editing1.

Milk trait2 Mean (SD) Minimum Maximum N. missing values3

< Mean-3 SD < Mean-3 SD

Yield, kg/d 39.04 (10.47) 10.00 62.80 0 1

Fat, % 4.39 (1.39) 0.67 13.08 0 2

Protein, % 3.34 (0.49) 2.36 6.59 0 4

Casein, % 2.57 (0.39) 1.72 5.22 0 4

Lactose, % 4.73 (0.26) 3.58 5.28 0 6

SCS 2.62 (2.09) −1.64 9.38 0 0

Urea, mg/dL 27.39 (7.85) 10.8 65.6 0 2

Log10 BHB −0.99 (0.24) −3.00 −0.24 0 5

1Values of milk traits deviating more than 3 SD from the respective mean (if requested with log-transformed values) were treated as missing. 2SCS, somatic cell score; calculated as SCS, 3 + 
log2 (SCC/100,000), where SCC is somatic cell count (cells/mL); BHB, β-hydroxybutyrate (mmol/L).
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profile traits, the strongest positive and negative correlations were 
found between Na and Cl (0.76) and between Cl and Ca (−0.29). The 
traits in the protein profile set were negatively correlated with Na and 
Cl. Moreover, in line with Luke et al. (12), a positive and moderate 
correlation was observed between albumin and Ca and Mg. Among 
the hepatic and muscular profile traits, the strongest correlation was 
found between CK and AST (0.49), and these traits showed weak 
correlations with NEFA and BHB (Figure 3). In addition, Sattler and 
Fürll (7) reported a positive correlation between CK and AST, both of 
which increased in the presence of uterine diseases.

According to the literature, blood NEFA, BHB, and urea are 
expected to go in parallel, especially in cows with severe 
NEB. However, their association could be nonlinear or weak (30). For 
instance, McCarthy et al. (31) found that the correlation between BHB 
and NEFA in the postpartum is moderate, despite positive (0.26).

Correlations were also calculated between plasma and milk traits 
(Figure 3). The strongest correlation was observed between urea in 
plasma and milk (0.89), followed by BHB (0.53). In agreement with 
Benedet et al. (11), milk BHB was positively correlated with NEFA and 
negatively correlated with glucose, while cholesterol was inversely 
associated with milk quality (i.e., fat, protein, and casein content). 
Blood BHB was positively correlated with fat content while negatively 

with protein, casein and lactose content. This association has also been 
reported by Benedet et al. (11). Regarding milk yield, the strongest 
positive and negative correlations were found with albumin (0.51) and 
P (−0.24), respectively, whereas, SCS was negatively correlated with 
Mg and cholesterol. On the other hand, Andjelić et al. (32) observed 
a negative correlation between milk fat and NEFA and BHB. Andjelić 
et al. (32) reported a positive correlation between blood and milk 
serum AST and GGT levels.

3.1.3 Variation across DIM
The transition from the dry-off to lactogenesis in the first days 

after calving is critical for dairy cow. After calving, especially if the diet 
is not properly balanced in the pre-partum period, nutritional status 
can play a dramatic role. For example, a significant reduction in 
hematic Ca and P is frequently observed around or immediately after 
calving, which can expose cows to hypocalcemia and other associated 
disorders (33). Furthermore, during this period, dairy cows undergo 
a natural state of immunosuppression, which is often considered the 
principal cause of their high vulnerability to infectious diseases such 
as mastitis or metritis (34). Monitoring changes in blood biomarkers 
can be  informative, and the early identification of subclinical 
metabolic disorders in the first days after calving is advisable and 

TABLE 2  Descriptive statistics of blood traits before editing1.

Blood trait2 Mean (SD) Minimum Maximum N. missing values3

<Mean-3 SD > Mean  +  3 SD

Energy profile

Glucose, mmol/L 2.80 (0.53) 0.20 4.90 2 1

Cholesterol, mmol/L 2.66 (0.92) 0.60 6.00 0 2

NEFA, mmol/L 0.52 (0.34) 0.04 2.02 0 6

BHB, mmol/L 0.71 (0.54) 0.15 4.96 0 10

Urea, mmol/L 4.19 (1.31) 1.30 9.30 0 2

Mineral profile

Na, mmol/L 138.88 (3.49) 129.00 150.00 0 1

K, mmol/L 4.39 (0.39) 2.61 5.94 1 3

Cl, mmol/L 98.54 (3.77) 71.00 111.00 1 2

Ca, mmol/L 2.45 (0.15) 1.98 3.21 1 2

P, mmol/L 1.60 (0.34) 0.63 3.11 0 3

Mg, mmol/L 0.96 (0.13) 0.56 1.40 2 1

Protein profile

Total protein, g/L 74.37 (6.11) 59.00 98.00 0 1

Albumin, g/L 33.91 (4.34) 17.00 43.00 1 0

Globulin, g/L 40.46 (7.05) 26.00 66.00 0 6

Hepatic and muscular profile

AST, U/L 98.14 (47.97) 53.00 629.00 0 3

GGT, U/L 16.30 (9.74) 4.00 152.00 0 2

CK, U/L 340.34 (694.34) 79.00 6,515.00 0 7

Stress profile

Cortisol, nmol/L 17.05 (15.00) 1.94 107.00 0 4

1Values of blood traits deviating more than 3 SD from the respective mean were treated as missing. 2NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate (mmol/L); AST, 
aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L). 3Excluded for the analysis of variance. In the case of non-normally distributed traits, the 
missing values were identified using the log-transformed form (BHB, NEFA, AST, GGT, CK and cortisol).
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helpful, allowing for the detection of anomalies, animals at risk, 
proper decision-making, and timely management interventions (35).

The LSM of DIM classes are presented in Table 3 and revealed that 
NEFA concentration was lower in 21–38 DIM compared to the classes 
of DIM closest to calving (i.e., 3–8 DIM and 9–14 DIM), and that BHB 
concentration was numerically greater in the first two DIM classes 
(i.e., 3–8 DIM and 9–14 DIM) than the other two (i.e., 15–20 DIM 
and ≥ 21 DIM, Table 3). An increase in NEFA is expected in dairy 
cows in the first days after calving and is commonly observed in high-
producing breeds, due to a massive mobilization of adipose reserves 
in dairy cows to overcome NEB (5). In contrast, the LSM of glucose 
concentration did not fluctuate dramatically in the first 38 DIM in the 
present study. Although there may be peaks or drops in glucose in 

correspondence of meals, the baseline level is subject to tight 
homeostatic regulation; therefore, glycemia is considered informative 
in animals suffering from specific disorders/pathologies (36). 
Cholesterol concentration increased with DIM, progressively raising 
from the first class onward (Table 3), likely due to its relationship with 
the dry matter intake of cows, which increases in the first week after 
calving (37). This finding was also observed by Walter et al. (25) in 
362,586 serum samples obtained from clinically healthy German 
Holstein cows.

The P, Ca, and Mg concentrations were the lowest immediately after 
calving (3–8 DIM), followed by a gradual increase (Table 3). Luke et al. 
(12) observed a similar trend for Ca and Mg concentration in 773 
spring-calving Holstein cows. Immediately after parturition, there is a 

FIGURE 2

Boxplots showing the distribution1 of the plasma traits2 values. 1Before the log-transformation of the non-normally distributed traits, i.e., AST, GGT, CK, 
BHB, NEFA and cortisol. 2NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, 
gamma glutamyl transferase (U/L); CK, creatin kinase (U/L).
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significant and immediate demand for Ca for milk production (38). 
This, coupled with the typically low dry matter intake, results in 
substantially low Ca mobilization and Ca deficiency that requires 
several days to be adjusted (33, 38). In contrast, Mg and P play important 
roles in Ca homeostasis (33). Moreover, these minerals (i.e., Ca, Mg, and 
P) are present in high amounts in transition milk, and mature milk (39, 
40). However, Na and Cl concentrations were the highest immediately 
after calving (3–8 DIM) and then gradually decreased (Table 3). The 
concentration of Cl was very high around calving, as it is common to 
increase the anionic quota (Cl and S) in prepartum diets to enhance feed 
intake and indirectly reduce the risk of hypocalcemia (41).

Total protein concentration was the lowest in the first class of 
DIM. Specifically, the lowest globulin concentration was observed in 
the period between 3 and 8 DIM, whereas the albumin concentration 
was relatively consistent across the 21 days and then reached the 
highest value in the last class, DIM ≥21 (35.58 g/L; Table 3). Similar 
patterns were observed by Luke et  al. (12) who observed 
concentrations of about 34 g/L in 24–35 DIM.

With regard to the hepatic profile, a significant decrease in AST 
was observed from the first DIM class to the last (Class 1:102.82 vs. 
Class 4: 87.39 g/L). The GGT concentration showed an opposite trend, 
being the lowest immediately after calving (3–8 DIM, 9–14 DIM; 
Table 3). On the other hand, Moretti et  al. (42) reported that the 
concentration of GGT was lower in the first days after calving (3 ± 1 
DIM) due to the production of colostrum and milk and low feed 
intake. Hoffman and Solter (43) reported the highest concentration of 

GGT activity in the kidney, pancreas, intestines, and mammary 
glands. In contrast, CK and cortisol were not significantly affected by 
distance from calving, so the LSM of the DIM classes were not 
statistically different (Table 3).

Table 4 contains the odds ratio estimated for the BILT classes (> 
and ≤ 4 μmol/L). Overall, there were no differences related to distance 
from calving in the first 14 days, but LSM indicated that the probability to 
observe high BILT concentration (> 4 μmol/L) decreased as DIM 
progressed. It is likely that, higher LSM for AST were estimated near 
calving because they reflect tissue damage in the uterine tissue (25) and/
or degradation of muscle cells caused by mobilization of body reserves 
(7). Authors of other studies (25, 44) observed that the highest levels of 
BILT are found in the first week postpartum as a consequence of 
the lipolysis.

3.1.4 Variation related to the effect of parity
The parity of cows played a crucial role in the variability of the 

plasma traits investigated, except for Na, Cl, K, albumin, AST, and 
cortisol (Table 5). Within the energy profile traits, glucose and cholesterol 
concentrations decreased with parity, whereas NEFA and BHB increased 
(Table 5). This is in line with the literature and supports that multiparous 
cows have a higher prevalence of hyperketonemia than primiparous due 
to greater milk production, mobilization of body reserves, and metabolic 
stress related to the previous lactation (5).

As regards the mineral profile, Ca, P and Mg concentrations were 
the greatest in the first two parity orders (Table 5). In older cows, low 

FIGURE 3

Spearman’s correlations1 between the investigated blood and milk traits2. 1***p  ≤  0.001; **p  ≤  0.01; *p  ≤  0.05. 2NEFA, not esterified fatty acids (mmol/L); 
BHB, β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L); SCS, 
somatic cell score, calculated as SCS, 3  +  log2(SCC/100,000), where SCC is somatic cell count (cells/mL).
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TABLE 3  Least squares means (standard error) of blood traits1 for the fixed effect of days in milk/ after calving (DIM) along with the F-value.

Blood trait 3–8 DIM 9–14 DIM 15–20 DIM ≥21 DIM F-value

Energy profile

Glucose, mmol/L 2.91 (0.10) 2.79 (0.10) 2.88 (0.10) 2.92 (0.10) ns

Cholesterol, mmol/L 2.05d (0.15) 2.45c (0.15) 2.90b (0.15) 3.49a (0.15) 69.40 ***

NEFA, mmol/L 0.42a (0.06) 0.41a (0.06) 0.35ab (0.05) 0.29b (0.04) 7.15 ***

BHB, mmol/L 0.61 (0.03) 0.62 (0.03) 0.57 (0.03) 0.59 (0.03) ns

Urea, mmol/L 3.60 (0.30) 3.62 (0.30) 3.52 (0.30) 3.77 (0.30) ns

Mineral profile

Na, mmol/L 140.23a (0.64) 139.27ab (0.63) 138.67b (0.63) 138.27b (0.64) 8.08 ***

K, mmol/L 4.35 (0.07) 4.40 (0.07) 4.42 (0.07) 4.38 (0.07) ns

Cl, mmol/L 100.03a (0.63) 98.88b (0.62) 98.37b (0.62) 97.72b (0.62) 11.82 ***

Ca, mmol/L 2.41b (0.02) 2.46 ab (0.02) 2.43ab (0.02) 2.48a (0.02) 5.70 **

P, mmol/L 1.50b (0.06) 1.57ab (0.06) 1.63ab (0.06) 1.67a (0.06) 5.12 **

Mg, mmol/L 0.90c (0.01) 0.96b (0.01) 0.99ab (0.01) 1.02a (0.01) 18.13 ***

Protein profile

Total protein, g/L 70.53c (0.77) 72.70b (0.74) 75.58a (0.76) 76.82a (0.78) 21.79 ***

Albumin, g/L 32.87b (0.60) 32.96b (0.58) 33.42b (0.59) 35.58a (0.60) 8.66 ***

Globulin, g/L 37.31b (0.90) 39.54a (0.86) 41.61a (0.88) 40.93a (0.90) 8.66 ***

Urea, mmol/L 3.60 (0.30) 3.62 (0.30) 3.52 (0.30) 3.77 (0.30) ns

Hepatic and muscular profile

AST, U/L 102.82a (4.22) 100.05a (4.09) 92.34ab (4.00) 87.39b (3.44) 4.87 *

GGT, U/L 13.67b (0.52) 14.51b (0.53) 17.31a (0.70) 17.11a (0.71) 8.75 ***

CK, U/L 265.04 (26.28) 217.91 (22.23) 220.43 (22.08) 197.60 (20.20) ns

Stress profile

Cortisol, nmol/L 12.50 (1.60) 13.41 (1.66) 16.51 (2.09) 14.56 (1.85) ns

1NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L). 
Estimates with different superscript letters within row are statistically significantly different (p ≤ 0.05).

minerals concentration can be associated with a decreased capacity 
to mobilize Ca from the bones, lower absorption at the intestinal 
level, and high requirement for Ca (33, 40).

In agreement with Cozzi et al. (15), total protein and globulin 
concentrations were greater in parity greater than 2 (Table 5) and GGT 
increased from parity 1 onwards (Table 5). On the other hand, the 
concentration of the CK was the greatest in parity 1 (Table 5). Cozzi 
et al. (15) and Walter et al. (25) hypothesized that the high CK level - a 
specific marker of skeletal muscle injury - in primiparous cows may 
be due to physical stress caused by hierarchical conflicts when they are 
grouped with multiparous cows.

Regarding the odds ratio of BILT classes (Table 5), there were no 
differences between parity 1 and 2, but the risk of having BILT above 
the threshold (> 4 μmol/L) in parity ≥3 was 3.85 times higher 
compared to party 1. This finding is in line with that of Walter et al. 
(25), who reported that the BILT baseline was higher in multiparous 
cows than in primiparous cows.

3.1.5 Interaction between parity and DIM
The first order interaction between parity and DIM class was not 

significant for the traits investigated, except for cholesterol, globulin, 
and total protein. In particular, total protein and globulin were 
significantly different – i.e. Seventy nine.00 and 45.70 g/L - in parity 
>3 between 15 and 20 DIM compared with the rest of the interaction 

levels. Ferreira et al. (45) observed that total protein and globulin 
concentrations increased during lactation and in their study were 
greater in multiparous than in primiparous cows. Cholesterol, on the 
other hand, was the greatest in the last DIM class regardless of parity. 
Walter et al. (25) reported a constant increasing trend of cholesterol 
after calving and was greater in multiparous than in primiparous cows.

3.1.6 Variation across seasons
Only few plasma traits were significantly affected by the effect of 

season, namely Na, Cl, K, albumin, globulin, urea, glucose and 
cholesterol. In this study, the sampling period spanned from May to 
October, excluding winter, late autumn, and early spring. In agreement 
with Cozzi et al. (15), the LSM estimated in this study for Na and Cl 
were the lowest in samples collected in July–August, while K 
concentration was the lowest in May–June (Table 6).

With regard to the protein profile, both albumin and urea 
concentrations slightly increased during the sampling period, with the 
highest LSM estimated for September–October. In contrast, globulin 
concentration decreased within the time window considered (Table 6). 
Regarding the energy profile, the lowest concentration of glucose was 
found in May–June and July–August (2.72 and 2.83 mmol/L; Table 3) 
and samples collected in July–August had the lowest LSM for 
cholesterol concentration (2.53 mmol/L; Table 6). During the core of 
summer, in presence of acute heat stress, cows decrease their feed 
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intake, inevitably reducing the energy available (46, 47). Moreover, the 
forage quality may differ across seasons in Italy. Although these two 
factors can be a reasonable explanation for the low cholesterol and 
glucose in July–August, this study lacks of data on individual feed 
intake, ration composition and diet protein level to support 
this hypothesis.

3.2 Fourier-transform mid-infrared 
spectroscopy

3.2.1 Prediction ability of FT-MIR
The R2 and RMSE of the prediction models for plasma trait 

concentrations are shown in Table  7. The percentage of samples 

TABLE 4  Odds ratio and 95% confidence interval for total bilirubin (BILT) class1 for each fixed effect.

Effect Level Prevalence 2, % Odds ratio 95% confidence interval

Days in milk/after 

calving

3–8 DIM 41.57 Reference

9–14 DIM 37.62 0.82 0.43–1.54

15–20 DIM 23.08 0.37 ** 0.17–0.77

≥21 DIM 19.23 0.20 *** 0.08–0.48

Parity 1 20.00 Reference

2 27.18 1.57 0.79–3.11

≥3 43.61 3.85 *** 2.00–7.37

Season May–June 31.01 Reference

July–August 31.16 2.88 0.98–8.50

September–October 31.65 2.68 0.80–9.01

1“1” if BILT was > 4 μmol/L and “0” if ≤ 4 μmol/L. 2of BILT class = 1.

TABLE 5  Least squares means (standard error) of blood traits1 for the fixed effect of parity class along with the F-value.

Blood trait Parity 1 Parity 2 Parity ≥3 F-value

Energy profile

Glucose, mmol/L 3.05a (0.10) 2.75b (0.10) 2.83b (0.10) 19.86 ***

Cholesterol, mmol/L 2.80a (0.14) 2.81a (0.14) 2.56b (0.14) 6.27 **

NEFA, mmol/L 0.33b (0.05) 0.34b (0.05) 0.42a (0.06) 7.56 **

BHB, mmol/L 0.54b (0.02) 0.62ab (0.03) 0.64a (0.02) 5.77 **

Urea, mmol/L 3.57 (0.30) 3.80 (0.30) 3.51 (0.29) 3.28 *

Mineral profile

Na, mmol/L 139.16 (0.62) 139.32 (0.62) 138.84 (0.61) ns

K, mmol/L 4.40 (0.07) 4.43 (0.07) 4.33 (0.07) ns

Cl, mmol/L 98.63 (0.61) 99.12 (0.61) 98.49 (0.60) ns

Ca, mmol/L 2.45ab (0.02) 2.47a (0.02) 2.42b (0.02) 4.13 *

P, mmol/L 1.71a (0.04) 1.59b (0.04) 1.48b (0.04) 18.69 ***

Mg, mmol/L 0.99a (0.01) 0.97a (0.01) 0.94b (0.01) 7.29 ***

Protein profile

Total protein, g/L 72.84b (0.72) 72.60b (0.72) 76.29a (0.67) 17.96 ***

Albumin, g/L 33.73 (0.57) 33.72 (0.56) 33.66 (0.53) ns

Globulin, g/L 38.69b (0.84) 38.79b (0.84) 42.08a (0.79) 13.04 ***

Hepatic and muscular profile

AST, U/L 93.29 (3.73) 96.99 (3.71) 96.12 (3.26) ns

GGT, U/L 14.04b (0.50) 15.91ab (0.57) 16.89a (0.52) 7.87 **

CK, U/L 286.68a (27.03) 220.68b (21.17) 177.55b (15.73) 16.00 ***

Stress profile

Cortisol, nmol/L 15.21 (1.87) 13.95 (1.69) 13.40 (1.55) ns

1NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L). 
Estimates with different superscript letters within row are statistically significantly different (p ≤ 0.05).
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TABLE 6  Least squares means (standard error) of blood traits1 for the fixed effect of sampling season along with the F-value.

Blood trait May–June July–August September–October F-value

Energy profile

Glucose, mmol/L 2.72b (0.11) 2.83b (0.11) 3.08a (0.11) 8.02 ***

Cholesterol, mmol/L 2.83a (0.16) 2.53b (0.15) 2.80ab (0.15) 4.17 *

NEFA, mmol/L 0.23 (0.04) 0.47 (0.07) 0.44 (0.07) ns

BHB, mmol/L 0.67 (0.03) 0.63 (0.03) 0.51 (0.02) ns

Urea, mmol/L 3.12c (0.32) 3.61b (0.30) 4.16a (0.31) 10.45 ***

Mineral profile

Na, mmol/L 140.02a (0.70) 137.62b (0.64) 139.68a (0.67) 14.06 ***

K, mmol/L 4.22b (0.08) 4.44a (0.07) 4.50a (0.07) 7.91 ***

Cl, mmol/L 98.93a (0.68) 97.43b (0.63) 99.88a (0.65) 12.83 ***

Ca, mmoL/L 2.44 (0.02) 2.47 (0.02) 2.42 (0.02) ns

P, mmol/L 1.63 (0.06) 1.60 (0.06) 1.56 (0.06) ns

Mg, mmol/L 0.95 (0.01) 0.98 (0.01) 0.98 (0.02) ns

Protein profile

Total protein, g/L 74.38 (0.83) 74.07 (0.74) 73.29 (0.83) ns

Albumin, g/L 31.47c (0.66) 33.71b (0.59) 35.93a (0.64) 16.56 ***

Globulin, g/L 42.58a (0.98) 39.78b (0.87) 37.20c (0.96) 10.18 ***

Hepatic and muscular profile

AST, U/L 94.12 (3.90) 93.35 (4.06) 98.97 (4.17) ns

GGT, U/L 16.86 (0.55) 15.81 (0.48) 14.15 (0.59) ns

CK, U/L 229.14 (25.89) 186.38 (18.07) 263.00 (29.08) ns

Stress profile

Cortisol, nmol/L 9.81 (1.38) 14.85 (1.88) 19.51 (2.65) ns

1NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L). 
Estimates with different superscript letters within row are statistically significantly different (p ≤ 0.05).

identified as outliers and excluded ranged from 0.60 to 4.60%, and the 
number of LV used ranged from a minimum of 2 to a maximum of 17.

Regarding the quality of predicted phenotypes, Williams (48) and 
Grelet et al. (49) proposed classifications based on the R2. In particular 
if the R2 is (i) ≥ 0.91, the model can be used for punctual prediction, 
(ii) between 0.82 and 0.90 the model is suitable for good quantitative 
screening; (iii) between 0.66 and 0.81, the model is adequate for 
approximate screening; and (iv) between 0.50 and 0.65, the predicted 
trait should be  used exclusively for detecting extreme values or 
comparing groups (48).

Overall, the prediction models developed for energy-related 
metabolites exhibited the best performance. In particular, the most 
outstanding model in terms of variance explained in the leave-
one-out cross-validation was urea concentration (R2 = 0.89; Table 7; 
Figure  4). When applied to an external set, the same model still 
showed a very good performance (R2 = 0.86; Table 7; Figure 4). The 
prediction accuracy for blood urea in this study was higher than that 
reported in the literature (11, 50). In particular, Ho et al. (50), who 
used 3,027 samples of Holstein cows from 19 dairy herds in Australia 
to develop models, obtained R2 of 0.87 in cross-validation and 0.69 
in external validation (50). On the other hand, Luke et  al. (12) 
reported an R2 equal to 0.90 both in cross-validation and random 
validation on an independent external dataset. However, when 
validation was done using the herd-out approach (12), i.e., using an 

external independent farm, the performance reduced substantially 
(R2 = 0.35).

Prediction models for BHB concentration and log-transformed 
BHB had the same R2 in leave-one-out cross-validation (R2 = 0.62; 
Table 7; Figure 4), whereas in external validation it was slightly greater 
for the log-transformed trait (0.52 vs. 0.45; Table  7; Figure  4). 
Conversely, the prediction model for the untransformed NEFA 
concentration fitted better than that for the log-transformed NEFA in 
both calibration and validation. The R2 values in external validation 
were 0.57 and 0.46, respectively (Table 7; Figure 4).

Several studies have investigated the use of milk FT-MIR for 
predicting blood/serum metabolites, such as BHB and NEFA, to identify 
cows at risk of hyperketonemia, NEB, and excessive fat mobilization. The 
accuracy of NEFA and BHB predictions reported in this study are in line 
with those found previously by (11, 12, 50–52). Only Grelet et al. (52) 
found slightly greater R2 for BHB concentration both in calibration and 
validation, i.e., equal to 0.77 and 0.70, respectively. All these studies used 
blood sampled from cows in early lactation within 40 DIM (11, 12, 50, 
52), while Giannuzzi et al. (51) investigated prediction models for these 
metabolites throughout the whole lactation, obtaining slightly lower 
accuracy for BHB prediction.

It is important to highlight that time is a key factor for the data 
quality and representativeness, with potential consequences in the 
model performance. When predicting a certain blood element from 
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the milk spectrum, in fact, the distance – in time - between the 
blood and the milk sampling plays a crucial role (53). In fact, it has 
been demonstrated that the morning plasma level of NEFA is 
predicted with significantly higher accuracy when using evening 
(R2 = 0.61) than morning (R2 = 0.50) milk spectra (53). This indicates 
that, although the milk is still expected to mirror the blood, there 
could be  a “delay” in some traits. In addition to this, there is 
evidence that several traits show very high variability during the 
day in healthy cows, with either peaks and/or long or short plateaus 
(e.g., glucose and cortisol).

Cholesterol and glucose were predicted with less accuracy than 
the traits mentioned above, with an R2 in leave-one-out cross-
validation of 0.47 and 0.43, respectively (Table 7). These predictive 
abilities were generally similar to those reported by Benedet et al. 
(11), i.e., R2 equal to 0.39 and 0.20, respectively. Using the PLS, 
Giannuzzi et  al. (51) obtained similar accuracy for cholesterol 

concentration, but, on the other hand, a greater accuracy for glucose 
concentration. To justify this difference, it is worth stressing that 
the study of Giannuzzi et al. (51) dealt with blood samples collected 
during the whole lactation, up to >305 DIM. As previously 
discussed, even if glucose tends to be high around calving, it may 
still vary quite substantially within the same day due to the presence 
of non-negligible peaks corresponding to meal administration or 
acute episodes of stress (28).

Blood mineral concentrations were generally predicted with less 
accuracy compared to the other traits. In fact, the R2 was below 0.50, 
regardless of the type of validation (Table 7) and the best model was 
the one developed for Ca concentration (R2 = 0.44), followed by Mg 
concentration (R2 = 0.39). When applied to an external set of samples, 
these two models showed lower R2 values (both equal to 0.23). Despite 
this, the results can be considered more promising compared to those 
reported by Luke et al. (12), who observed R2 in cross-validation of 

TABLE 7  Goodness of fit statistics1 of the modified partial least squares regression models for blood traits2 developed using milk mid-infrared spectra.

Blood trait % Outliers n. LV R2c RMSEc R2v RMSEv

Energy profile

Glucose, mmol/L 1.8 15 0.43 0.36 0.29 0.40

Cholesterol, mmol/L 2.1 9 0.47 0.64 0.37 0.70

NEFA, mmol/L 2.9 10 0.57 0.20 0.46 0.22

Log-NEFA 2.4 8 0.50 0.20 0.42 0.21

BHB, mmol/L 2.1 15 0.62 0.25 0.45 0.30

Log-BHB 1.2 15 0.62 0.13 0.52 0.15

Urea, mmol/L 1.8 17 0.89 0.43 0.86 0.48

Mineral profile

Na, mmol/L 2.4 13 0.30 2.70 0.21 2.89

K, mmol/L 3.2 13 0.16 0.29 0.02 0.33

Cl, mmol/L 0.9 13 0.41 2.62 0.11 3.43

Ca, mmo/L 2.6 13 0.44 0.10 0.23 0.12

P, mmol/L 2.1 8 0.26 0.26 0.14 0.29

Mg, mmol/L 2.6 7 0.39 0.09 0.23 0.10

Protein profile

Total protein, g/L 1.5 14 0.23 5.06 0.03 6.20

Albumin, g/L 1.8 9 0.38 3.14 0.32 3.64

Globulin, g/L 2.4 9 0.24 5.55 0.05 6.03

Hepatic and muscular profile

AST, U/L 1.5 8 0.27 20.90 0.18 22.11

Log-AST 2.5 7 0.25 0.08 0.19 0.09

GGT, U/L 0.9 2 0.06 5.39 0.01 5.8

Log-GGT 1.8 4 0.08 0.14 0.02 0.16

CK, U/L 3.5 10 0.17 226.45 0.08 192.39

Log-CK 4.6 12 0.26 0.18 0.02 0.21

Stress profile

Cortisol, nmol/L 3.0 9 0.25 10.28 0.08 12.63

Log-Cortisol 0.6 9 0.21 0.32 0.11 0.36

1LV, latent variables; R2
c, coefficient of determination in calibration; RSMEC, Root Mean Square Error in calibration; R2

V, coefficient of determination in validation; RSMEV, Root Mean Square 
Error in validation. The percentage of outliers (%) here refers to samples whose prediction was far from the actual value, i.e., large residual. 2NEFA, not esterified fatty acids (mmol/L); BHB, 
β-hydroxybutyrate (mmol/L); AST, aspartate aminotransferase (U/L); GGT, gamma glutamyl transferase (U/L); CK, creatin kinase (U/L).
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0.08 and 0.06 for Ca and Mg, respectively. In their study (12), blood 
samples were taken immediately after or during milk sampling. 
Attempting to predict something present in the blood using the milk 
spectrum is challenging, as it is an indirect prediction, therefore low 
R2 are inevitably expected.

For the others plasma traits, the R2 in leave-one-out cross-
validation was low, ranging from 0.08 (GGT) to 0.38 (albumin), as 
well as the one in external validation (0.01 to 0.32; Table  7). In 
general, whenever a trait was not normally distributed (e.g., BHB), 
prediction models were used for both the forms, log-transformed and 
untransformed. In general, the R2 values in the external validation 
were slightly higher when the log-transformed trait was used. In line 
with Luke et al. (12), the prediction model for albumin fitted better 
than globulin (Table 7). It is widely known that components present 

in very low concentrations are more difficult to predict with FT-MIR 
because of the small signal(s) within the spectrum. Highly 
concentrated components have strong absorption peaks and are 
thereby easier to be predicted precisely and accurately.

Based on the classification of Williams (48), concentrations of 
BHB, NEFA, and urea predicted with the model in Table 7 can 
be considered as good enough for population screening and for 
carrying out selective breeding. Phenotypes predicted from the 
milk spectra may be scarcely or moderately correlated with the 
real trait (e.g., blood BHB), but still the predictions can be valuable 
for genetic investigations at the population level and for design of 
breeding programs (54, 55). For example, FT-MIR allows to 
identify cows within a given population with high BHB and/or 
NEFA and their sires, i.e., bulls with progeny at major risk of 

FIGURE 4

Plot of mid-infrared predictions (x-axis) and observed values (y-axis) for the blood traits2. Calibration set are reported in in red (▲), whereas validation 
set are black (●). 1Only prediction models with coefficient of determination in validation >0.40 are presented, namely: blood urea, not esterified fatty 
acids (NEFA), logarithmic transformation of NEFA (logNEFA), β-hydroxybutyrate (BHB), and logarithmic transformation of BHB (logBHB).
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metabolic diseases. The FT-MIR is a low-cost phenotyping tool 
since the analysis are regularly carried out for milk quality 
assessment in the framework of the official tests (14).

3.2.2 FT-MIR classification ability
The PLS-DA was performed for traits whose threshold found a 

consensus in the literature, i.e., BHB, NEFA and BILT, considering two 
levels: equal to or below the threshold (no risk) and above the threshold 
(at risk). In the dataset 22.30, 8.90, and 27.80% of the samples were 
above the thresholds for BHB, NEFA and BILT, respectively (Table 8).

Sensitivity, defined for each plasma traits class as the probability of 
correctly identifying cows at risk (above the threshold), ranged from 
0.48 for BILT to 0.56 for NEFA in calibration. In validation, the 
maximum and minimum sensitivity were 0.42 and 0.33, respectively 
(Table  8). Specificity, complementary to sensitivity, represents the 
probability of correctly identifying the control cases, i.e., cows not at 
risk, below the threshold. This parameter was close to unity, being 
overall ≥0.96  in calibration and ≥ 0.91  in validation. The sensitivity 
calculated in this study for BHB was 0.33 in validation, and not far from 
the value (0.28) reported by Benedet et  al. (11). This percentage 
indicated that approximately one third of the cows at risk in this study 
were correctly identified. In the case of NEFA and BILT, this percentage 
was slightly higher: 36 and 42%, respectively. The fact that specificity is 
close to unity does not necessarily mean that the model robustness of 
this study is sufficiently good for implementation. In fact, the real aim 
in the field is to precisely identify potentially sick cows rather than those 
that are not. This means that sensitivity instead of specificity should 
be  ideally improved and maximized. Martín-Gómez et  al. (56) 
recommended an optimization based on sensitivity and specificity to 
assess the quality of PLS-DA models that discriminate between two 
classes. The balanced accuracy in calibration was equal to 0.72 for BILT 
and 0.76 for both BHB and NEFA.

Considering that health data and clinical events of dairy cows are 
not routinely recorded in Italy due to the absence of validated 
standardized protocols, binary phenotypes obtained through the 
PLS-DA could be valid indicator traits to be used for various purposes. 
However, further efforts should be made to improve the scalability and 
sensitivity of the models.

4 Conclusion

In the present study, we  investigated non-genetic factors 
affecting the variability of blood traits in healthy Holstein cows in 
the early lactation and we attempted to predict them using milk 
FT-MIR. Most of the plasma traits were significantly affected by the 

fixed effect of parity, distance from calving, and season. The 
performance of the FT-MIR models – especially in classification – 
indicated that the use of milk spectra for monitoring hematic traits 
is advisable, especially for BHB, NEFA, and urea. In regression, 
however, our prediction models were not sufficiently accurate for a 
punctual determination of the concentration of the parameters. 
Despite of the mid to low accuracy, the predictions represent 
nowadays a valid opportunity for farmers and breeders for both 
decision-making and genetic screening at the population level, to 
better identify sick animals or cows at risk. Further efforts should be 
made to understand if the FT-MIR spectra – coupled with additional 
data from other sources, such as sensors and genomic information 
– analysed via alternative machine learning algorithms will result 
into better scalability, sensitivity, and accuracy.
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TABLE 8  Performance1 (%) of partial least squares discriminant analysis2 based on milk mid-infrared spectra in calibration and validation.

Trait Threshold3 Calibration set Validation set

Sensitivity Specificity TP TN Balanced 
accuracy

Sensitivity Specificity TP TN Balanced 
accuracy

BILT, μmol/L 4 μmol/L 0.48 0.96 0.80 0.84 0.72 0.42 0.91 0.78 0.68 0.67

BHB, mmol/L 1.2 mmol/L 0.52 0.99 0.96 0.85 0.76 0.33 0.98 0.94 0.60 0.66

NEFA, mmol/L 0.7 mmol/L 0.56 0.97 0.88 0.83 0.76 0.36 0.96 0.84 0.73 0.66

1TP, true positives correctly classified; TN, true negatives correctly classified. 2Binary classification (≤ vs. > threshold) for: NEFA, not esterified fatty acids (mmol/L); BHB, β-hydroxybutyrate 
(mmol/L); BILT, total bilirubin (μmol/L). 3Values refer to cut-offs retrieved from the literature [Ospina et al. (20)].
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The motility of sperm decreases following cryopreservation, which is closely associated 
with mitochondrial function. However, the alterations in mitochondrial metabolism 
after sperm freezing in goats remain unclear. This experiment aimed to investigate 
the impact of ultra-low temperature freezing on goat sperm’s mitochondrial energy 
metabolism and its potential correlation with sperm motility. The results revealed 
that goat sperm exhibited mitochondrial vacuolization, reduced matrix density, 
and significantly decreased levels of high-membrane potential mitochondria and 
adenosine triphosphate content, accompanied by a substantial increase in reactive 
oxygen species levels, ultimately leading to a significant decline in sperm viability. 
Further investigations unveiled that energy-related differential metabolites (capric 
acid, creatine, and D-glucosamine-6-phosphate) and differential metabolites 
with antioxidant effects (saikosaponin A, probucol, and cholesterol sulfate) were 
significantly downregulated. In addition, the activity of key rate-limiting enzymes 
involved in very long-chain fatty acid biosynthesis and β-oxidation—specifically 
acetyl-CoA carboxylase, fatty acid synthase, and carnitine palmitoyltransferase 
I  related to capric acid metabolism—was considerably reduced. Furthermore, 
supplementation of differential metabolite capric acid (500 μM) significantly enhanced 
the motility of frozen–thawed goat sperm. These findings indicated that the 
mitochondrial ultrastructure of goat sperm is damaged and energy metabolism 
becomes abnormal after cryopreservation, potentially affecting sperm viability. 
The addition of different metabolites such as capric acid to the freezing extender 
can alleviate the decrease in sperm motility induced by cryopreservation.
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1 Introduction

Semen cryopreservation technology has the potential to overcome 
the limitations of time and space, facilitating long-distance 
transportation of animal semen and accelerating the global adoption 
and application of modern biotechnology such as artificial 
insemination and in vitro fertilization (1). However, it is worth noting 
that post-thaw sperm motility is significantly lower compared to fresh 
sperm: 39.47% vs. 87.33% in pigs (2, 3), 36.0% vs. 83.4% in horses (4, 
5), 37.12% vs. 90.30% in cattle (6, 7), 37.60% vs. 82.18% in sheep (8, 
9), and 23.3% vs. 80.0% in goats (10, 11). Previous studies have 
indicated that decreased sperm motility after freezing is associated 
with mitochondrial damage (12–14). Given that mitochondria play a 
key role in energy metabolism, which is closely related to sperm 
motility (15). Thus, sperm mitochondria damage could be tightly 
linked to decline of sperm motility (16, 17). It has been reported that 
the mitochondrial permeability transition pore, a transmembrane 
protein on the inner mitochondrial membrane (IMM), usually 
remains closed (18). However, sperm cryopreservation tends to cause 
the formation and prolonged opening of the mitochondrial 
permeability transition pore, which leads to the disruption of the 
energy supply and causes mitochondrial damage (19, 20). Apparently, 
there is an inevitable connection between the energy metabolism 
disruption induced by mitochondrial dysfunction and the decline in 
sperm motility; however, the exact mechanism is still unclear. 
Therefore, investigating the characteristics of mitochondrial energy 
metabolism following sperm cryopreservation can provide valuable 
insights into understanding the mechanisms underlying reduced 
sperm motility and exploring potential mitigation strategies.

After sperm cryopreservation, the mitochondria primarily exhibit 
ultrastructural damage, a reduction in adenosine triphosphate (ATP) 
content, decreased mitochondrial membrane potential (MMP), and 
abnormal opening of the mitochondrial membrane permeability 
transition pore. This is also accompanied by the production of a large 
amount of reactive oxygen species (ROS), especially in complexes 
I and III of the mitochondrial electron transport chain (ETC) (21, 22). 
Excessive accumulation of ROS leads to oxidative stress, which 
damages the mitochondrial membrane and its function, leading to a 
self-perpetuating cycle of ROS generation (15, 23). Previous studies 
have demonstrated that freezing results in mitochondrial 
ultrastructural damage in human sperm and significant alterations in 
the citrate cycle (TCA cycle) in mitochondria (24). However, further 
investigation is needed to explore how mitochondrial metabolism 
changes after sperm cryopreservation in goats and its impact on 
sperm viability.

As metabolomic technology continues to advance, there has been 
a notable increase in studies targeting metabolites in the frozen–
thawed sperm of domestic animals. An analysis of the results of these 
existing studies revealed that there are differences in the sperm 
metabolomic profiles of different species (such as Dorper sheep and 
bull) (25, 26) or breeds (such as Yunshang black goat and Guanzhong 
dairy goat) (27, 28). This suggests that exploring the key differential 
metabolites specific to different breeds may enhance the effectiveness 
of sperm cryopreservation. However, the changes in energy 
metabolism in semen from the Chengdu brown goat (CBG), a breed 
recognized under China’s National Product of Geographical 
Indication, after freezing, remains unclear. Therefore, this study aims 
to investigate (1) the impact of cryopreservation on mitochondrial 

ultrastructure, function, and sperm motility in CBG, (2) the effects of 
ultra-low temperature freezing on energy metabolism in CBG sperm 
and identification of differential metabolites, and (3) the influence of 
these differential metabolites on the motility of frozen–thawed 
CBG sperm.

2 Materials and methods

Unless otherwise noted, all chemicals were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). All experimental procedures 
were conducted in strict accordance with the regulations of the 
Animal Ethics and Welfare Committee (AEWC) of Sichuan 
Agricultural University, China (Approval code: AEWC2016, 6 
January 2016).

2.1 Animal semen collection and quality 
assessment

We collected semen at Xilingxue Agricultural Development Co., 
Ltd. (103°17′E, 30°35’N) in Chengdu, Sichuan Province, China, 
during the breeding season (August–November) in 2023. A total of 10 
healthy goats of normal breeding age (2–4 years old) were selected, 
and each male goat was individually housed and managed. All male 
goats had free access to water and feed. Semen was collected from the 
male goats using an artificial vagina method (with water temperature 
controlled between 40 and 42°C). Collections were performed once a 
week for 12 weeks, with semen samples taken from five male goats 
each time. The semen was collected using disposable centrifuge tubes, 
and the volume was recorded each time. First, the color and viscosity 
of the semen were observed visually. Then, the collected semen was 
diluted with a base extender, wrapped in a cotton gauze, and 
transported in a foam box (18–20°C) to the laboratory within 1 h.

A 3 μL aliquot of diluted semen was transferred into a pre-heated 
(37°C) disposable sperm test plate. Computer-assisted semen analysis 
(CASA) (AndroVision®, Minitube, Germany) was used to select the 
goat species in the software, and the relevant parameters were analyzed 
and recorded at 200x magnification. For each sample, five fields were 
counted, and at least 2,500 sperm were analyzed. The CASA system 
parameters were set as described in published article (8), including 
curvilinear velocity (VCL; μm/s), velocity of straight line (VSL; μm/s), 
velocity of average path (VAP; μm/s), beat cross-frequency (BCF; HZ); 
radius: sperm path radioactivity coefficient. Briefly, sperm trajectory 
motion were continuously captured within 0.5 s using the following 
parameters, in situ motility (VSL < 24.0000, VCL < 48.0000), circular 
motion (radius > 9.00 and radius < 90.00 and rotation >0.70) and slow 
motion (VCL < 120.0000), respectively. The semen samples used in 
this study had to meet the following criteria: volume ranging from 
0.7 mL to 2 mL, a minimum sperm density of 2.5 × 109 sperm/mL, 
and total motility of at least 70%.

2.2 Semen dilution, freezing, and thawing

The semen from each goat after passing the quality test was 
equally divided into four groups: fresh and frozen groups treated with 
commercial diluent (CD) and fresh and frozen groups treated with 
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homemade diluent. The CD for the goat was divided into liquid I and 
liquid II (Beijing Tianyuan Aorui Biotechnology Co., Ltd., China). The 
commercial fresh group was diluted with liquid I (1:19). When the CD 
is used as the cryopreservation diluent, 25% (v:v) fresh yolk solution 
should be added to both liquid I and liquid II before use. In brief, the 
homemade base extender composition included 19.98 mM Tris 
(T8060, Solarbio, China), 4.67 mM glucose, 7.18 mM citric acid 
(C8610, Solarbio, China), 5.84 mM sucrose, and 100,000 IU each of 
penicillin and streptomycin. This solution was used to dilute fresh 
sperm at a ratio of 1:19, with 100 mL of dilution solution. Liquid I was 
prepared by adding 20% egg yolk (v:v) to the homemade base 
extender. Liquid II was then prepared by adding 6% glycerol (v:v) and 
0.6% Equex STM paste (v:v) to liquid I  (13,560/0008, Minitube, 
Germany).

Semen freezing was performed using a two-step dilution 
method. The specific procedure was as follows: Cryopreservation 
dilution liquids I and II containing sperm were mixed homogeneously 
(1:9:10) at isothermal and equal volumes; then, the semen samples 
were packed in 0.25 mL plastic straws (1.25 × 108 sperm/mL), which 
was sealed with polyvinyl alcohol powder, wrapped in 8 layers of 
cotton gauze, and placed in a refrigerator at 4°C for cooling and 
equilibration for 1.5 to 2 h. The plastic straws were placed 4 cm above 
liquid nitrogen for 10 min, and the temperature was kept at −130°C, 
then plunged into liquid nitrogen (− 196°C), and kept for 7 days. The 
straws were thawed in a water bath at 37°C for 30 s before use. The 
qualified semen, with sperm motility above 0.35, was first centrifuged 

at 4,000 rpm and 4°C for 5 min to remove the supernatant. Then, it 
was resuspended in phosphate buffer saline (PBS) without calcium 
and magnesium, washed three times, and diluted to a concentration 
of 1.25 × 108 sperm/mL, The diluted semen was incubated at 37°C 
for 1 h, followed by centrifugation again (4,000 rpm, 4°C, 5 min) in 
preparation for the next step of metabolomics analysis. The flowchart 
of the experimental design is shown in Figure 1.

2.3 Sperm ATP content, ROS levels, and 
MMP assays

The Enhanced ATP Assay Kit (S0027, Beyotime, China) was used 
for the analysis. Before the analysis, the thawed semen was diluted to 
1.6 × 106 sperm/mL, washed three times with calcium and magnesium-
free PBS, and centrifuged at 4000 rpm for 5 min at 4°C each time; after 
discarding the supernatant, the precipitate was left. After each group 
was added with 200 μL lysate, repeated blowing was performed to lyse 
the cells (placed on ice). After lysis, the cells were centrifuged at 4°C 
12000 g, and the supernatant was taken and used for the determination 
of subsequent tests. The ATP standard solution was diluted to 
concentrations of 0.01, 0.03, 0.1, 0.3, 1, and 3 μM using ATP assay 
solution. The ATP assay reagent was then diluted with the ATP assay 
reagent diluent at a ratio of 1:4. Next, 100 μL of ATP assay working 
solution was added to the assay wells and left at room temperature for 
3–5 min to allow for the consumption of any background ATP. The 

FIGURE 1

Schematic diagram of the experimental design. UHPLC-Q-TOF-MS is an ultra-high performance liquid chromatography quadrupole time-of-flight 
mass spectrometer (created in BioRender.com).
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RLU values were determined using a luminometer (Varioskan LUX, 
Thermo, USA), and ATP content was calculated.

A volume of 900 μL of fresh semen was injected into a clean EP 
tube. A volume of 100 μL of Rosup reagent from the reactive oxygen 
detection kit (CA1410, Solarbio, China) was added to the 
test tube and then incubated for 20 min at 37°C in an incubator as 
a positive control sample to be tested. The volume of 
2′,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) working 
solution (200 μL/tube) was calculated according to the number of 
samples to be tested, and the DCFH-DA probe was diluted with 
sterile PBS buffer at a ratio of 1:3000. After that, 200 μL of each 
semen to be tested was mixed with an equal volume of working 
solution and then incubated at 37°C for 20 min, during which the 
samples were inverted several times every 5 min to make full 
contact between the semen and the probe. Another sample without 
a probe was set as a blank control. After incubation, the samples 
were centrifuged (4,000 rpm, 37°C, 5 min), the supernatant was 
discarded and washed twice with PBS, and 500 μL of PBS was added 
to the precipitate to be detected by flow cytometry.

Next, 1 mg of JC-1 dry powder (J8030, Solarbio, China) was added 
to 1 mL of dimethyl sulfoxide (DMSO) and mixed well to form a storage 
solution. PBS was used for the dilution of JC-1 stock solution to create 
a final concentration of 250 μg/mL (working solution). An equal 
volume of semen and working solution was taken and mixed well by 
gently blowing followed by incubation at 37°C for 20 min and 
centrifugation (4,000 rpm, 4°C, 5 min). After that, the supernatant was 
discarded and precipitation was washed twice with PBS (4,000 rpm, 
4°C, 5 min), and finally, 600 μL of PBS was added. For the blank control, 
a sample without JC-1 treatment was used. A Canto II flow cytometer 
(Becton Dickinson, Franklin Lakes, NJ, USA) was used for the 
evaluation of samples by setting a total of 10,000 events per sample, and 
then, data were processed using FlowJo software (Becton Dickinson).

2.4 The ultrastructure analyses of sperm 
mitochondria, acrosome, and plasma 
membrane by transmission electron 
microscopy

Fresh group sperm were centrifuged directly (1,000 rpm, 4°C, 
5 min), and the supernatant was discarded. The spermatozoa of the 
frozen group were thawed and washed three times with calcium and 
magnesium-free PBS (1,000 rpm, 4°C, 5 min), and the supernatant 
was discarded after the final time to leave the precipitate. The cells 
were resuspended by slowly adding 1:5 (3% glutaraldehyde: 
0.1 mol/L PBS buffer) diluted fixative along the wall of the tubes 
with a pipette and left to stand for 5 min at 4°C. High-speed 
centrifugation (12,000 rpm, 4°C, 10 min) was performed, the 
supernatant was discarded, and the precipitate was retained. Then, 
3% glutaraldehyde fixative (3%, Sinopharm Chemical Reagent Co., 
Ltd., China) was again added along the wall of the tube (not to 
be blown out of the cells) and stored at 4°C. The collected samples 
were fixed, dehydrated, permeabilized, embedded, sectioned, and 
stained, and then, the mitochondrial ultrastructure of spermatozoa 
was observed using transmission electron microscopy 
(JEM-1400FLASH, JEOL, Japan).

2.5 Acrosome integrity and membrane 
integrity assays

Fluorescein isothiocyanate conjugated peanut agglutinin (FITC-
PNA; Sigma, L7381) and propidium iodide (PI) were used to detect 
sperm acrosome integrity according to the manufacturer’s instruction. 
In brief, after washing three times with PBS, 980 μL of sperm 
suspension was stained with 20 μL of FITC-PNA stock solution 
(20 μg/mL) and 5 μL of propidium iodide (PI) stock solution (20 μg/
mL) for 25 min in the dark. Aliquots of the stained suspensions were 
analyzed using the fluorescence microscope.

Membrane integrity was measured using the LIVE/DEAD™ 
Sperm Viability Kit (L-7011; Thermo Fisher Scientific) according to 
the manufacturer’s instructions. In brief, the goat sperm samples were 
stained with SYBR-14/PI. The staining was analyzed using 
fluorescence microscopy with excitation/emission = 485/517 nm for 
SYBR-14 fluorescence and excitation/emission = 586/617 nm for PI 
fluorescence. A total of 2,896 sperm were analyzed.

2.6 Metabolomics analysis of goat sperm

The sperm precipitation was followed by thawing at 4°C, and then 
800 μL of cold methanol/acetonitrile (1:1) was used to remove 
proteins and extract metabolites. The mixture was collected into a new 
centrifuge tube and centrifuged at 14000 g for 20 min to collect the 
supernatant, and then the supernatant was dried in a vacuum. For 
liquid chromatography–tandem mass spectrometry (LC–MS) 
analysis, the samples were re-dissolved in 100 μL acetonitrile/water 
(1:1, v/v) solvent and centrifuged at 14000 g at 4°C for 15 min; then 
the supernatant was injected.

Analysis was performed using ultra-high-performance liquid 
chromatography (UHPLC) (1,290 Infinity LC, Agilent Technologies; 
Shanghai Applied Protein Technology Co., Ltd.; Shanghai, China). For 
hydrophilic interaction liquid chromatography (HILIC) separation, 
the samples were analyzed using a 2.1 mm × 100 mm ACQUIY UPLC 
BEH Amide 1.7 μm column (waters, Ireland). In both positive and 
negative modes of electrospray ionization (ESI), the mobile phase 
contained 25 mM ammonium acetate +25 mM ammonium hydroxide 
in water (labeled A) and acetonitrile (labeled B). The gradient was 95% 
B for 0.5 min, linearly reduced to 65% in 6.5 min, reduced to 40% in 
1 min and kept for 1 min, and then increased to 95% in 0.1 min, with 
a 3-min re-equilibration period employed. Gradients were at a flow 
rate of 0.5 mL/min, and column temperatures were kept constant at 
25°C. A 2 μL aliquot of each sample was injected.

The mass spectrometry analysis was performed using a 
quadrupole time-of-flight mass spectrometer (Q-TOF) (AB SCIEX 
TripleTOF 6,600; Shanghai Applied Protein Technology Co., Ltd.; 
Shanghai, China). The conditions for the ESI source were set as 
follows: Ion Source Gas 1 and 2 were both set at 60, the curtain gas 
was set to 30, the source temperature was set to 600°C, and the ion 
spray voltage floating (ISVF) was set to ±5,500 V. During MS-only 
acquisition, the instrument was programmed to acquire data over 
the m/z range of 60–1,000 Da, with an accumulation time of 0.20s/
spectrum for TOF MS scans. For auto MS/MS acquisition, the 
instrument was set to acquire data over the m/z range of 
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25–1,000 Da, with an accumulation time of 0.05 s/spectrum for 
production scans. The production scan was obtained using 
information-dependent acquisition (IDA) with a high-sensitivity 
mode selected. The parameters for IDA were as follows: The 
collision energy (CE) was fixed at 35 V with a ± 15 eV range, the 
declustering potential (DP) was set to 60 V (+) and − 60 V (−), and 
isotopes within 4 Da were excluded. In addition, 10 candidate ions 
were monitored per cycle.

2.7 Metabolomics data processing and 
analysis

Raw MS data were converted to MzXML files using 
ProteoWizard MSConvert before free import was available in the 
XCMS software. For peak pickup, the following parameters were 
used: centWave m/z = 10 ppm; peak width = c (10, 60), and 
prefilter = c (10, 100). Peak grouping was performed with the 
following parameters: bw = 5, mzwid = 0.025, and minfrac = 0.5. 
The Collection of Algorithms of Metabolite Profile Annotation 
(CAMERA) was used for isotopes and adducts. Only variables with 
more than 50% non-zero measurements had at least one set of 
values that remained constant in the extracted ion features. 
Compound identification accuracy was assessed by comparing the 
m/z values (<10 ppm) of metabolites and MS/MS spectra with an 
in-house database (Shanghai Applied Protein Technology), which 
includes authentic standards for reliable identification.

Statistical analyses were performed, and data normality was 
assessed using SPSS (v.27.0, IBM, Chicago, IL, USA) with the Shapiro–
Wilk test. After normalization, the processed data were analyzed using 
the R package (ropls), in which processed multivariate data analyses 
were carried out using overall sample principal component analysis 
(PCA) and orthogonal partial least squares-discriminant analysis 
(OPLS-DA) to differentiate the overall differences in metabolic 
profiles between the groups and to identify the metabolites that 
differed between the before and after semen freezing in CBG. To 
prevent model overfitting, we  used a 7-fold cross-validation and 
response alignment test to assess the robustness of the model. Variable 
importance in the projection (VIP) obtained from the OPLS-DA 
model can be used to measure the strength and explanatory power of 
the influence of the expression pattern of each metabolite on the 
classification and discrimination of each group of samples and to mine 
biologically significant differential metabolites. Fold multiplicity of 
variation and VIP > 1, with p < 0.05, were used to screen for 
significantly varying metabolites. Student’s t-test was applied to 
determine the significance of differences between fresh and frozen 
groups. All metabolite identifications were performed using the 
in-house database (Shanghai Applied Protein Technology).

2.8 Acetyl coenzyme a carboxylase 
(ACACA), fatty acid synthase (FASN), and 
carnitine palmitoyltransferase I (CPT-1) 
activity assays

ACACA activity was measured according to the instructions of 
the assay kit (KTB1261, Abbkine, China). Briefly, fresh sperm and 
frozen–thawed goat sperm were washed with pre-cooled PBS. Briefly, 

frozen–thawed goat sperm were washed three times with pre-cooled 
PBS to remove extra homemade extender and then centrifuged to 
discard the supernatant (4,000 rpm, 4°C, 5 min). One milliliter of 
extraction buffer from the kit was added, and the sperm were broken 
by ultrasonic waves in an ice bath, with 30 cycles (200 W, ultrasonic 
waves for 3 s at 7 s intervals for a total time of 5 min). The mixture 
was then centrifuged (8,000 g, 4°C, 10 min), and the supernatant was 
collected and placed on ice to be  measured. Then, the protein 
concentration of the samples was determined using a BCA protein 
assay kit (PC0020, Solarbio, China). Detection was carried out via a 
microplate reader with the wavelength parameter set to 660 nm. The 
ACACA activity was calculated from the sample 
protein concentration.

FASN activity was carried out according to the manufacturer’s 
instructions for the assay kit (BC0555, Solarbio, China). In short, 1 mL 
of the extract from the kit was added to the prepared sperm precipitate, 
broken by ultrasonic waves in an ice bath, with 30 cycles (power 
300 W, ultrasonic waves for 3 s, intervals of 9 s, total time 5 min). The 
mixture was then centrifuged (12,000 g, 4°C, 20 min), and the protein 
concentration was detected after the supernatant was taken. Detection 
was performed via a microplate reader with the wavelength parameter 
set to 340 nm. The FASN activity was calculated according to the 
sample protein concentration.

CPT-1 activity was assayed according to the kit instructions 
(ml076617, Shanghai Enzyme-linked Biotechnology Co., Ltd., 
China). The wavelength setting parameter of the microplate reader 
was 412 nm. The CPT-1 activity was calculated by sample 
protein concentration.

2.9 Treatment of goat semen diluent with 
varying concentrations of capric acid

Different concentrations of capric acid were added to 
homemade semen diluents I and II, respectively, and divided into 
the following groups: fresh group and capric acid frozen–thawed 
group treated with different concentrations (0 μM, 125 μM, 250 μM, 
500 μM, and 1,000 μM groups), incubated together at room 
temperature for 1 h, and then frozen by liquid nitrogen fumigation. 
Fresh and frozen–thawed groups (0 μM) were used as control 
groups, after at least 2 weeks of preservation in liquid nitrogen. 
Then, the motility of thawed sperm was evaluated according to the 
steps described in Section 2.3 of the Materials and Methods section.

2.10 Statistical analysis

All experiments were repeated at least three times, all raw data 
were counted and organized using Excel 2019 (Microsoft, USA). 
Statistical analysis was performed using SPSS (v.27.0, IBM, 
Chicago, IL, USA). Student’s t-test was performed to compare the 
two groups. A one-way analysis of variance (ANOVA) followed by 
post-hoc Fisher’s least significant difference (LSD) test was used to 
compare more than two groups. All data were expressed as 
mean ± standard error (mean ± SEM). Graphs were made jointly 
using GraphPad Prism (v.5.0, GraphPad Software LLC, USA) and 
Adobe Illustrator 2020 (Adobe Inc., USA). A p-value of < 0.05 
indicates a statistical difference.
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3 Results

3.1 Reduced motility of goat sperm 
following cryopreservation

After ultra-low temperature freezing, the total motility 
(72.21 ± 3.14% vs. 35.15 ± 5.05%, Figure  2A), progressive motility 
(63.65 ± 5.13% vs. 27.49 ± 4.31%, Figure 2B), VCL (97.16 ± 7.21 vs. 
44.45 ± 4.77%, Figure  2C), VSL (43.36 ± 3.99 vs. 16.77 ± 2.30, 
Figure 2D), VAP (49.75 ± 3.73 vs. 20.57 ± 2.74, Figure 2E), and BCF 
(12.74 ± 2.86 vs. 6.85 ± 0.60, Figure 2F) of goat sperm were significantly 
reduced compared to the fresh group when using homemade dilutions 
(p < 0.05). Similarly, when a commercial diluent was used, the total 
motility (71.73 ± 3.59% vs. 43.91 ± 0.87%, Figure  2A), progressive 
motility (63.12 ± 4.48% vs. 35.30 ± 0.58%, Figure  2B), VCL 

(99.11 ± 9.73 vs. 48.13 ± 2.18, Figure  2C), VSL (42.44 ± 5.78 vs. 
18.77 ± 0.76, Figure  2D), and VAP (49.14 ± 5.81 vs. 23.29 ± 0.91, 
Figure 2E) of goat sperm showed significant decrease after ultra-low 
temperature freezing compared to the fresh group (p < 0.05). However, 
there was no significant difference in BCF (11.97 ± 2.07 vs. 6.67 ± 0.35, 
Figure  2F) (p > 0.05). Furthermore, an analysis of the movement 
trajectories of fresh sperm diluted with homemade and commercial 
diluent showed no significant differences (Fresh vs. Fresh CD) 
(Figures 2G,H). Similarly, when sperm was diluted with homemade 
and commercial diluent before cryopreservation, there were also no 
significant differences in the movement trajectories for frozen-thawed 
sperm (Frozen-thawed vs. Frozen-thawed CD) (Figures 2I,J). These 
findings suggest both our homemade diluent and the commercial 
diluent can be used interchangeably for treating and freezing CBG 
semen without affecting sperm motility or other parameters in either 

FIGURE 2

Comparison of the effect of homemade dilutions and commercial dilutions (CD) on goat semen freezing. (A) Total motility. (B) Progressive motility. 
(C) Velocity of trajectory curve (VCL; μm/s). (D) Velocity of straight line (VSL; μm/s). (E) Velocity of average path (VAP; μm/s) (F) Beat cross-frequency 
(BCF; HZ). Sperm movement trajectories of the fresh group: (G) The fresh group of homemade diluents is indicated by Fresh. (H) The fresh group of 
CD is indicated by Fresh CD. Movement trajectories of frozen–thawed spermatozoa: (I) The frozen group with homemade diluents is indicated by 
Frozen–thawed. (J) The frozen group with CD is indicated by Frozen–thawed CD. Orange trajectory: circular motion; dark green trajectory: fast 
motion; bright green motion trajectory: slow motion; yellow motion trajectory: in situ motion; red circle: inactive. Asterisks indicate p < 0.05 (*) and 
p < 0.001 (***), and “ns” indicates a non-significant difference.
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the fresh or frozen–thawed groups (Figures  2A,B) (p > 0.05). 
Considering factors such as timeliness and cost, we chose to use our 
homemade diluent for subsequent experiments.

3.2 The cryogenic freezing process induces 
structural and functional impairments in 
the mitochondrial of goat sperm

Since mitochondria are closely associated with sperm viability, 
we subsequently investigated the mitochondrial ultrastructure and 
function of sperm. Our findings revealed that frozen CBG sperm 
exhibited vacuolization in the mitochondrial vesicles, as well as a 
reduction in the density of the mitochondrial matrix (Figure 3A), 
indicating impaired mitochondrial ultrastructure. Following ultra-low 
temperature freezing, there was a significant decrease in ATP content 
(0.92 ± 0.11 vs. 0.40 ± 0.17, Figure  3B), high-MMP ratio 
(70.83 ± 5.97% vs. 36.97 ± 7.13%, Figure  3C), and ROS level 
(67.37 ± 1.22% vs. 80.57 ± 2.64%, Figure 3D) of sperm compared to 
the fresh group (p < 0.05).

3.3 Cryopreservation compromises 
acrosome integrity and membrane integrity 
of goat sperm

To elucidate the effect of cryopreservation on the integrity of the 
acrosome and plasma membrane of goat sperm, we observed the 
ultrastructure of the sperm acrosome and plasma membrane using 
transmission electron microscopy, respectively. The results showed 
that sperm exhibited acrosomal detachment and plasma membrane 
damage after freezing (Figure  4A). In addition, we  reassessed the 
sperm acrosome and plasma membrane integrity by fluorescence 
staining that showed a significant decrease in acrosomal integrity of 
sperm (40.27 ± 0.99% vs. 52.41 ± 1.11%, p < 0.01) (Figures 4B,D) and 

the integrity of sperm plasma membrane (50.62 ± 4.56% vs. 
69.04 ± 2.71%, p < 0.05) (Figures  4C,E), respectively, in frozen–
thawed group compared to the fresh group.

3.4 Metabolomic analysis of goat sperm 
pre- and post-cryopreservation

To further evaluate the impact of cryopreservation-induced 
mitochondrial damage on mitochondrial metabolism, we performed 
untargeted metabolomics analysis on pre- and post-freezing sperm 
samples. Our findings demonstrated a clear distinction in metabolite 
profiles between the fresh and frozen groups (Figures 5A–D), with 
validation provided by PLS-DA and OPLS-DA analysis models 
(Tables 1, 2). In total, we identified a total of 1,384 metabolites in goat 
sperm samples before and after freezing (772 in positive ion mode and 
612 in negative ion mode). These metabolites were categorized based 
on their chemical composition into lipids and lipid-like molecules 
(30.708%), organic acids and derivatives (20.014%), undefined 
metabolites (12.283%), organoheterocyclic compounds (9.682%), and 
organic oxygen compounds (9.538%) (Figure 5E).

Based on the univariate analysis of the variance method, significant 
differences were observed in the metabolites of frozen and thawed goat 
sperm (FC > 1.5 or FC < 0.67, p < 0.05). The predominant differential 
metabolites were identified as lipids and lipid-like molecules 
(Figures  6A,B). Out of the 342 differential metabolites identified 
(OPLS-DA VIP > 1, p < 0.05), 246 were upregulated and 96 were 
downregulated (Figure  6C). The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis revealed that these differential 
metabolites were mainly enriched in nine metabolic pathways: 
β-oxidation of very long-chain fatty acids, fatty acid biosynthesis, 
glutamate metabolism, steroidogenesis, arginine and proline 
metabolism, ketone body metabolism, spermidine and spermine 
biosynthesis, mitochondrial electron transport chain, and butyrate 
metabolism (Figure 6D). These nine KEGG metabolic pathways can 

FIGURE 3

Effects of cryopreservation on the ultrastructure and ATP content of mitochondria, mitochondrial membrane potential (MMP), and ROS level in sperm 
of goat. (A) Transmission electron microscopy of sperm mitochondria, scale bar = 500 nm; local magnification scale bar = 200 nm; black arrows 
represent normal mitochondrial structure; red arrows represent mitochondrial structural vesicles destroyed, vacuoles, or mitochondrial matrix density 
reduced. (B) ATP content assay. (C) MMP assay. (D) ROS level assay. ‘*’ indicates statistical differences, p < 0.05.
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FIGURE 4

Effect of cryopreservation on the acrosome integrity and membrane integrity of goat sperm. (A) Detection of the ultrastructure of sperm plasma 
membrane and acrosome by transmission electron microscopy. The black box indicates the acrosome, and the blue box indicates the plasma 
membrane. In these two enlarged images, the black arrows represent the integrity of the acrosome and the integrity of the plasma membrane, 

(Continued)
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be classified into two categories based on their relevance to freeze-
thawed sperm quality (Figure 6E): energy-related metabolites such as 
capric acid (Figure 7A), glucosamine-6-phosphate (Figure 7B), malonyl-
L-carnitine (Figure 7C), creatine (Figure 7J), creatinine (Figure 7K), and 
antioxidant-related metabolites such as cholesterol sulfate (Figure 6D), 
probucol (Figure  7E), and saikosaponin A (Figure  7F) showed a 
significant decrease, while succinate (Figure  7G), cholesterol 
(Figure 7H), and phytosphingosine (Figure 7I) exhibited a significant 
upregulation pattern within other categories. Furthermore, our literature 
review indicated that creatine is highly expressed in sperm cells, with its 
synthesis and degradation primarily occurring through spontaneous, 
non-enzymatic processes (29). Within the cell, ATP, adenosine 
diphosphate (ADP), creatine, and phosphocreatine must diffuse or 
be transported through the cell membrane for high-energy phosphate 
transfer between mitochondria and ATP utilization sites (30). Therefore, 
the downregulated expression of creatinine and creatine in frozen 
spermatozoa has negative effects on creatine metabolism (Figure 7L).

3.5 Abnormal fluctuations of key 
rate-limiting enzyme activities in fatty acid 
biosynthesis and β-oxidation metabolism 
pathways after sperm cryopreservation

Among the nine metabolic pathways observed in metabolomic 
analysis, fatty acid biosynthesis and β-oxidation metabolism play 
crucial roles in sperm energy production (31, 32). Consequently, 
we conducted further analysis of the activities of the key rate-limiting 
enzymes ACACA, FASN, and CPT-1 in these metabolic pathways. The 
activities of ACACA (0.68 ± 0.07 vs. 0.41 ± 0.05, p < 0.01) (Figure 8A), 
FASN (20.57 ± 1.12 vs. 8.46 ± 0.66, p < 0.01) (Figure 8B), and CPT-1 
(13.32 ± 2.77 vs. 0.81 ± 0.37, p < 0.05) (Figure 8C) were significantly 
lower compared to those of fresh controls.

3.6 Capric acid can improve the motility of 
goat frozen–thawed sperm

Considering that the differentially expressed metabolite capric 
acid significantly decreased in frozen–thawed sperm and was enriched 
in the fatty acid synthesis metabolic pathway (Figure  7A), 
we investigated the effects of various concentrations of capric acid on 
the motility of frozen–thawed sperm. The results showed that 
compared to the fresh group, the total motility (85.80 ± 2.51 vs. 
34.80 ± 2.29, p < 0.001) (Figure  8D) and progressive motility 
(76.23 ± 0.91 vs. 26.77 ± 3.12, p < 0.001) (Figure  8E) of sperm 
significantly decreased after freezing–thawing, while the addition of 
500 μM capric acid significantly improved the total motility 

(63.40 ± 2.67 vs. 34.80 ± 2.29, p < 0.001) (Figure 8D) and progressive 
motility (52.47 ± 2.62 vs. 26.77 ± 3.12, p < 0.001) (Figure 8E) of goat 
sperm after cryopreservation.

4 Discussion

In this study, we initially found that the freezing process resulted 
in an extremely significant decrease in sperm motility (Figures 2A,B). 
Furthermore, it was observed that the mitochondrial ultrastructure 
was impaired following sperm freezing in CBG (Figure  3A). In 
addition, there was a reduction in ATP content and MMP, 
accompanied by a significant increase in ROS levels (Figures 3B–D). 
These findings are consistent with previous studies on mammalian 
species such as humans (24), pigs (33), horses (34), bulls (35, 36), and 
sheep (8). This suggests that the detrimental effects of ultra-low 
temperature freezing on sperm viability are universal across different 
animal species. Furthermore, it is widely accepted that excessive 
production of ROS during the freezing process induces oxidative 
stress (21, 37), which subsequently leads to decreased sperm viability 
(38). Recent studies have demonstrated that there were two principal 
sources of intracellular ROS in sperm: one originating from the 
mitochondria and the other from the plasma membrane (39, 40). 
ADPH oxidase presented in sperm plasma membrane could be 
responsible for ROS generation during sperm capacitation (41). The 
results of our study demonstrated that following the freezing and 
thawing of the sperm, plasma membrane damage and capacitation-
like (cryo-capacitation) changes were observed (Figures 4A–C), as 
evidenced by complete acrosome detachment or leakage of acrosomal 
enzymes, similar to natural capacitation, which affect the fertility 
potential of frozen–thawed sperm.

Given the critical role of sperm mitochondria in energy 
production and metabolic regulation, we  hypothesized that 
mitochondrial dysfunction may result in disturbances in 
mitochondrial energy metabolism, which in turn affects the motility 
of frozen–thawed sperm. To test this hypothesis, we  employed 
metabolomics to explore metabolic profiles of goat freeze-thawed 
sperm. Previous studies have demonstrated that the differential 
metabolites between fresh and frozen–thawed semen groups in 
Dorper sheep include linoleic acid, docosahexaenoic acid, and 
arachidonic acid, which primarily affect the metabolic pathway of 
unsaturated fatty acid biosynthesis (25). In Yunshang black goat sperm 
before and after freezing, the differential metabolites include mannitol, 
capric acid, and gamma-linolenic acid, which significantly impact the 
linoleic acid metabolic pathway (27). In Guanzhong dairy goat sperm 
before and after freezing, sphingolipids, betaine, and choline have 
been identified as differential metabolites that affect the metabolic 
pathways of the TCA cycle, unsaturated fatty acids biosynthesis, and 

respectively; the red arrows indicate the detachment of the acrosome and the damage to the plasma membrane, respectively. Scale bar = 500 nm; 
local magnification scale bar = 200 nm. (B,C) Detection of acrosome integrity and plasma membrane integrity of goat sperm using FITC-PNA/PI and 
SBYR14/PI fluorescent staining methods. The yellow box indicates the area selected for enlargement. In the detection of acrosome integrity, scale 
bar = 20 μm. In the detection of the plasma membrane, scale bar = 100 μm. In these two enlarged images, the green arrows represent sperm with 
intact acrosomes and plasma membranes, respectively, while the red arrows represent sperm with acrosome loss or damage and plasma membrane 
injury, respectively. (D,E) The bar chart represents the statistical analysis of the percentage of fluorescent staining results for sperm acrosome integrity 
and membrane integrity. Asterisks indicate p < 0.05 (*) and p < 0.01 (**).

FIGURE 4 (Continued)
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FIGURE 5

Graphs of multivariate statistical analyses and chemical classification of metabolites identified in goat sperm. (A,B) Graphs of PCA scores in positive and 
negative ion modes. (C,D) Graphs of PLS-DA scores in positive and negative ion modes. (E) Chemical classification of identified metabolites. (1) The 
horizontal coordinate t[1] in the graph represents principal component 1, and the vertical coordinate t[2] represents principal component. (2) The dots 
of the same color indicate the individual biological replicates within the group, and the distribution status of the dots reflects the degree of inter- and 
intra-group variability.
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sphingolipid metabolism (28). Bull sperm before and after freezing 
exhibit glycine betaine and pyro-l-glutaminyl-l-glutamine as 
differential metabolites (26). Our study reveals that the differential 
metabolites of CBG sperm before and after freezing can be categorized 
into two main groups: one associated with energy metabolism (capric 
acid, creatine, and D-glucosamine-6-phosphate), and the other related 
to the antioxidant activity (saikosaponin A, probucol, and cholesterol 
sulfate) (Figure 6E). These metabolites predominantly influence fatty 
acid oxidation and biosynthesis (Figure 6D). It is evident that the 
changes in differential metabolites along with affected pathways due 
to ultra-low-temperature freezing negatively impact normal energy 
metabolism of sperm across different species.

In this study, freezing significantly decreased the activity of 
ACACA, FASN, and CPT-1 in goat sperm (Figures 8A–C). ACACA 
catalyzes the conversion of acetyl-CoA to malonyl-CoA (42); FASN is 
a pivotal enzyme in the endogenous lipogenesis pathway primarily 
responsible for synthesizing long-chain saturated FA palmitate from 
acetyl-CoA and malonyl-CoA (43–45), while CPT1 acts as a crucial 
enzyme initiating the transport of free fatty acids to the mitochondria 
(31). These three key enzymes play essential roles in fatty acid 
metabolism (31, 46–48), which generates ATP within the 
mitochondria to facilitate linear sperm movement (32, 49). 
Consequently, reduced activity of these three enzymes due to ultra-low 
temperature freezing undoubtedly impairs sperm motility.

In this study, the expression of antioxidant-related differential 
metabolites such as saikosaponin A, probucol, and cholesterol sulfate 
in frozen–thawed sperm was significantly downregulated 
(Figures  7D–F). Saikosaponin A not only inhibits the 
overaccumulation of ROS by increasing the activity of antioxidant 
enzymes but also suppresses inflammation and iron-induced cell 
death through the PI3K/Akt/Nrf2 pathway (50) or activates the 
SIRT1/Nrf2 pathway to mitigate oxidative stress in cells (51). 
Furthermore, it has been demonstrated that saikosaponin A has the 
capacity to alleviate lipid metabolism disorders in rat liver by 
stimulating the expression of intracellular lipid and cholesterol 

catabolism-related genes, including peroxisome proliferator-
activated receptor α (PPARα), and cholesterol 7α-hydroxylase-1 
(CYP7a1) (52, 53). On the other hand, probucol protects cells from 
peroxide-induced damage directly by activating glutathione 
peroxidase-1 (54), while cholesterol sulfate enhances resistance 
against oxidative stress by increasing ATP, lipid, and glycogen 
content (55). Cholesterol sulfate is a component of cell membranes 
and has been demonstrated to exert a stabilizing effect, as well as to 
regulate sperm capacitation (56). Furthermore, it has been 
demonstrated that it regulates brain energy metabolism through the 
activation of the Akt/Bcl2 pathway, which reduces the production of 
ROS, thereby providing neuroprotection (55). Therefore, the 
decrease in these differential antioxidant-related metabolites after 
semen freezing in CBG leads to an imbalance in the sperm’s 
antioxidant system through their respective pathways mentioned 
above. Consequently, this exacerbates oxidative stress and affects 
sperm viability (23, 57).

In this study, D-glucosamine-6-phosphate, creatine, and capric 
acid metabolites associated with energy metabolism exhibited 
significant downregulation following sperm freezing in goats 
(Figures  7A,B,J). The diminished metabolites may exert an 
influence on the synthesis of ATP, which in turn affects the viability 
of sperm. It has been demonstrated that D-glucosamine-6-
phosphate serves as an energy source in the form of phosphosugars 
(58), while creatine can efficiently generate ATP by connecting 
ATP-producing sites to subcellular sites of ATP utilization through 
the creatine/phosphocreatine shuttle system (30). It was reported 
that SH-SY5Y cells exposed to capric acid for a period of 6 days 
were demonstrated to have increased activities in several 
mitochondrial markers, including the activities of citrate synthase 
and mitochondrial respiratory chain complex I  (59). It is also 
noteworthy that capric acid exposure not only elevates acyl-CoA 
oxidase 1 activity but also enhances peroxisomal β-oxidation of 
docosanoic acid (60). Furthermore, it has been demonstrated that 
capric acid can mitigate the oxidative stress induced by 
cyclophosphamide in IPEC-J2 cells (61). Numerous studies have 
indicated that capric acid is a potent antioxidant that elicits 
antioxidant responses through the activation of the Nrf2/ERK1/2 
pathway (62–64). Concurrently, capric acid serves as an energy 
source for brain cells by stimulating glycolysis, which results in the 
production of lactic acid (65). In this study, we  found that the 
differential metabolite capric acid enriched in goat sperm is 
involved in the fatty acid synthesis pathway. When 500 μM capric 
acid was added to the homemade freezing diluent, the motility of 
cryopreserved goat sperm increased (Figures 8D,E), suggesting that 
supplemented capric acid may promote ATP production through 
the above pathway (60), thereby alleviating the decrease in sperm 
viability induced by freezing.

5 Conclusion

Following ultra-low temperature freezing, goat sperm exhibited 
compromised ultrastructure, disturbed energy metabolism 
(downregulation of capric acid, D-glucosamine-6-phosphate, and 
creatine), and antioxidant imbalance (downregulation of 

TABLE 1  PLS-DA validity.

Sample 
groups

Ion 
mode

A R2X(cum) R2Y(cum) Q2(cum)

FT vs. F Positive 1 0.646 0.997 0.971

Negative 1 0.87 0.999 0.994

A: denotes the main score.
R2X: denotes the explanation rate of the model to the X variable.
R2Y: denotes the explanation rate of the model to the Y variable.
Q2: denotes the predictive ability of the model.

TABLE 2  OPLS-DA validity.

Sample 
groups

Ion 
mode

A R2X(cum) R2Y(cum) Q2(cum)

FT vs. F Positive 1 0.646 0.997 0.996

Negative 1 0.87 0.999 0.997

A: denotes the main score.
R2X: denotes the explanation rate of the model to the X variable.
R2Y: denotes the explanation rate of the model to the Y variable.
Q2: denotes the predictive ability of the model.
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saikosaponin A, probucol, and cholesterol sulfate). Moreover, key 
enzymes involved in the synthesis of long-chain fatty acids and 
β-oxidation metabolism pathways in the sperm (FASN, ACACA, and 
CPT-1) demonstrated reduced activity, resulting in abnormal 

mitochondrial function and decreased sperm motility. Exogenous 
supplementation of the metabolic intermediate capric acid (500 μM) 
significantly enhanced the motility of frozen–thawed goat sperm 
(Figure 9).

FIGURE 6

Differential metabolite identification and KEGG pathway enrichment analysis before and after goat sperm freezing. (A,B) Positive and negative ion 
pattern differential metabolite volcano plots. Different colors represent different chemical classifications. (C) Total number of differential metabolites 
identified. Each bar line represents the total number of significant differential metabolites, with orange representing upregulated metabolites and blue 
representing downregulated metabolites. (D) KEGG enrichment pathway map. The vertical axis in the bar graph represents each KEGG metabolic 
pathway, and the horizontal axis indicates the number of differentially expressed metabolites contained in each KEGG metabolic pathway. The color 
indicates the p-value of enrichment analysis, the darker the color, the smaller the p-value and the more significant the enrichment. (E) Heatmap of 
KEGG pathway differential metabolite clustering. FT represents frozen–thawed sperm, and F represents fresh sperm. Each row of the graph represents 
a differential metabolite (i.e., the vertical coordinate is the significantly differentially expressed metabolite), and each column represents a set of 
samples (i.e., the horizontal coordinate is the sample information). The color blocks at different positions represent the relative expression of the 
metabolites at the corresponding positions, red represents relatively high expression, blue represents relatively low expression, and metabolites with 
close expression patterns are clustered under the same cluster on the left.

70

https://doi.org/10.3389/fvets.2024.1514362
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zang et al.� 10.3389/fvets.2024.1514362

Frontiers in Veterinary Science 13 frontiersin.org

FIGURE 7

Differences in metabolic profiles between fresh and frozen–thawed sperm. (A–K) Metabolomics-based comparative analysis of changes in sperm 
differential metabolites before and after freezing. The fresh group is labeled in blue and the frozen group in pink, and asterisks indicate p < 0.05 (*), 
p < 0.01 (**), and p < 0.001 (***). (L) Schematic diagram of the relationship between creatinine, creatine, and mitochondrial energy metabolism, where 
creatinine and water reversibly produce creatine, which dissipates that energy ATP turnover by stimulating the cycling of energy stored in the inner 
membrane of the mitochondria, mediated by mitochondrial creatine kinase and coupled with the turnover of phosphocreatine (created in Biorender.
com). Mitochondrial creatine kinase (Mi-CK); voltage-dependent anion channel (VDAC).
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FIGURE 9

Metabolomics-based analysis of the effects of ultra-low temperature freezing on mitochondrial energy metabolism in goat sperm. Red arrows indicate 
increases; green arrows indicate decreases. Reactive oxygen species (ROS); mitochondrial membrane potential (MMP); tricarboxylic acid cycle (TCA); 
adenosine triphosphate (ATP); α-ketoglutarate (α-KG); oxaloacetate (OAA); carnitine palmitoyltransferase I (CPT-1); acetyl coenzyme A carboxylase 
(ACACA); fatty acid synthase (FASN); CPT-1 can be directly inhibited by ACACA direct inhibition by ACACA-produced malonyl coenzyme A. Malonyl 
coenzyme A is a key intermediate in fatty acid synthesis (FAS) that prevents simultaneous activation of FAS and fatty acid oxidation (FAO) (created in 
BioRender.com).

FIGURE 8

Changes in the activities of key rate-limiting enzymes of metabolic pathways in frozen–thawed sperm and the effect of capric acid on the motility of 
frozen–thawed sperm. (A–C) Changes in ACACA, FASN, and CPT-1 activity before and after sperm freezing. p < 0.05 (*) and p < 0.01 (**). Effect of 
adding different concentrations of capric acid to the homemade freezing diluent on the motility of frozen–thawed sperm. (D) Total motility. 
(E) Progressive motility. a-e Within a panel, means without a common superscript differed (p < 0.05).
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Proteome of granulosa cells lipid 
droplets reveals mechanisms 
regulating lipid metabolism at 
hierarchical and pre-hierarchical 
follicle in goose
Xin Yuan 1†, Xi Zhang 1†, Yueyue Lin 1, Hengli Xie 1, Zhujun Wang 1, 
Xinyue Hu 1, Shenqiang Hu 1, Liang Li 1, Hehe Liu 1, Hua He 1, 
Chunchun Han 1, Xiang Gan 2, Ling Liao 3, Lu Xia 1, Jiwei Hu 1 and 
Jiwen Wang 1*
1 College of Animal Science and Technology, Sichuan Agricultural University, Chengdu, China, 
2 Scientific Research Center, Guilin Medical University, Guilin, Guangxi, China, 3 College of Horticulture, 
Sichuan Agricultural University, Chengdu, China

Avian hierarchical follicles are formed by selection and dominance of pre-hierarchical 
follicles, and lipid metabolism plays a pivotal role in this process. The amount 
of lipid in goose follicular granulosa cells increases with the increase of culture 
time, and the neutral lipid in the cells is stored in the form of lipid droplets (LDs). 
LD-associated proteins (LDAPs) collaborate with LDs to regulate intracellular 
lipid homeostasis, which subsequently influences avian follicle development. The 
mechanism by which LDAPs regulate lipid metabolism in goose granulosa cells 
at different developmental stages is unclear. Therefore, using BODIPY staining, 
we found that at five time points during in vitro culture, the LD content in hierarchical 
granulosa cells was significantly higher than that in pre-hierarchical granulosa 
cells in this study (p < 0.001). Next, we identified LDAPs in both hierarchical and 
pre-hierarchical granulosa cells, and screened out 1,180, 922, 907, 663, and 1,313 
differentially expressed proteins (DEPs) at the respective time points. Subsequently, 
by performing Clusters of Orthologous Groups (COGs) classification on the DEPs, 
we identified a large number of proteins related to lipid transport and metabolism. 
Following this, the potential functions of these DEPs were investigated through 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
functional enrichment analysis. Finally, the important pathway of fatty acid 
degradation and the key protein ACSL3 were screened out using Short Time-series 
Expression Miner (STEM) and Protein–Protein Interaction (PPI) analysis methods. 
It is hypothesized that ACSL3 may potentially modulate lipid metabolism through 
the fatty acid degradation pathway, thereby contributing to the difference in lipid 
content between hierarchical and pre-hierarchical granulosa cells. These findings 
will provide a theoretical foundation for further studies on the role of LDs and 
LDAPs in avian follicle development.
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1 Introduction

Lipids not only provide energy for follicle development but also 
serve as important regulatory factors in this process (1). A mature 
follicle usually consists of oocyte, granulosa, theca and connective 
tissue layer (2). The granulosa cell is the main component of the 
follicular wall and is one of the most important structures of the 
follicle (3, 4). Recently, lipid metabolism in granulosa cells has 
attracted attention. Studies on mice have shown that treating 
granulosa cells with palmitic acid (PA) or lysophosphatidylcholine 
(LPC) reduces cell viability and induces apoptosis (5, 6). Oleic acid 
(OA) alters lipid storage in porcine ovarian granulosa cells and 
reduces steroidogenesis (7). Furthermore, arachidonic acid (AA), a 
polyunsaturated fatty acid, has a significant impact on granulosa cell 
function and follicle development. Research has found that low doses 
of AA can induce the accumulation of low-density lipoprotein in 
bovine granulosa cells and enhance granulosa cell survival (8). 
Granulosa cells also play a pivotal role in follicle development and 
maturation. During follicle growth, maturation, and ovulation, 
granulosa cells transport nutrients to the follicle, provide mechanical 
support, and synthesize steroids (9, 10). Undeniably, lipid metabolism 
in granulosa cells is crucial for the development of mammalian follicles.

Unlike mammalian follicular development, avian follicular 
development exhibits a unique hierarchical system, including 
hierarchical follicles and pre-hierarchical follicles. During follicular 
development, only a very small number of pre-hierarchical follicles 
can develop into hierarchical follicles (11). There are significant 
differences in tissue morphology and steroid secretion between 
hierarchical and pre-hierarchical follicles (12, 13). Recent studies have 
found that there are also differences in lipid metabolism between 
hierarchical and pre-hierarchical granulosa cells, with the ability of 
hierarchical granulosa cells to accumulate lipids being stronger (14). 
Research using mass spectrometry on the lipid profile of granulosa 
cells also suggests that granulosa cell lipids are important for follicular 
development (15). Neutral lipids in granulosa cells are stored in the 
form of lipid droplets (LDs). LDs, ubiquitous lipid-storing organelles 
(16, 17), participate in diverse cellular processes like energy 
metabolism (18), lipid storage, transport, and metabolism (19, 20), as 
well as protein storage and degradation (21, 22). The functionality of 
LDs is heavily reliant on the associated proteins, which are collectively 
referred to as lipid droplet-associated proteins (LDAPs). LDs have 
been isolated from human (23), mouse (24, 25), pig, fish (26, 27), and 
hundreds of proteins associated with LDs have been reliably detected 
by means of proteomic (28). LDAPs are involved in the regulation of 
cellular lipid metabolism in concert with LDs. It has been found that 
LDs contain a large number of LDAPs related to lipid metabolism, 
such as Perilipins (PLIN) (29), Acyl-CoA synthetase proteins (ACSL) 
(30), Adipose triglyceride lipase (ATGL) (31), and these proteins 
further regulate the process of lipid metabolism through the way of 
promoting the synthesis and degradation of LDs.

Lipid metabolism in granulosa cells is crucial for follicular 
development (13), yet the regulation of LDAPs in avian granulosa cells 
remains understudied, and there is currently no report on the 
proteome of LDs in geese. Therefore, this study first examined the 
differences in LD content in granulosa cells at various developmental 
stages through LD staining. Subsequently, LDs were isolated, and their 
associated proteins were identified using proteomics. Lastly, proteomic 
analysis was employed to delve into the molecular mechanisms 

underlying the regulation of lipid metabolism in granulosa cells 
by LDAPs.

2 Materials and methods

2.1 Animals

Healthy female lines of Tianfu geese (Anser cygnoides) were 
selected. Food and water were provided to the geese under natural 
light and temperature conditions at the Waterfowl Breeding 
Experimental Farm of Sichuan Agricultural University (Ya’an, China). 
The spawning cycle of each goose was recorded, and ovarian follicles 
were collected from all geese during the same spawning cycle. All 
selected geese were euthanized by carbon dioxide inhalation and 
cervical dislocation performed by competent, experienced personnel 
who applied the techniques correctly. Efforts were made to minimize 
animal suffering in accordance with the requirements of the Beijing 
Animal Welfare Committee. All experimental procedures involving 
animal manipulation were approved by the Committee of the School 
of Farm Animal Genetic Resources Exploration and Innovation Key 
Laboratory, College of Animal Science and Technology, Sichuan 
Agricultural University, under permit no. DKY20170913, and were 
conducted in accordance with the Regulations of the Administration 
of Affairs Concerning Experimental Animals (China 1988).

2.2 Cells culture and incubation conditions

For granulosa cell culture, after euthanasia of 18 randomly 
selected geese with regular egg production, follicles were collected 
from the coelomic cavity of goose, placed in sterile saline, and divided 
into hierarchical (F2-F4 large yellow follicles) and pre-hierarchical 
follicles (small follicles between 8 and 10 mm in diameter) according 
to previously reported nomenclature (32). The outer connective tissue 
was removed from the follicles, and follicles were bisected to allow the 
yolk and adherent granulosa layer to flow out (33). Collecting the 
granulosa layer, incubated with 0.05% type II collagenase (Sigma, 
USA) for 10 min in a 37°C water bath, dispersed, resuspended in 3 mL 
of fresh collagenase-free basal medium, and centrifuged. Cells were 
then dispersed in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 1% antibiotic/antimycotic solution (Solarbio, 
Beijing, China) and 5% fetal bovine serum (Gibco, Waltham, MA, 
USA). Then, cells were incubated in a water-saturated atmosphere of 
95% air and 5% CO2 at 37°C in an incubator (Thermo, Waltham, MA, 
USA), as previously described (34).

2.3 BODIPY staining of lipids in granulosa 
cells

The cell samples were rinsed 2–3 times with phosphate-buffered 
saline (PBS) to remove the medium. 4% paraformaldehyde solution 
was added to cover the cell samples, and fixation was carried out for 
30 min at room temperature. After fixation, the cell samples were 
rinsed 2–3 times with PBS. The BODIPY staining solution was then 
added, and the samples were incubated for 15 min. The cell samples 
were washed 2–3 times with PBS to remove unbound staining 
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solution. The DAPI staining solution was added, and the samples were 
incubated for 15 min at room temperature, followed by rinsing 2–3 
times with PBS. Finally, the cell samples were observed under a 
fluorescence microscope using appropriate fluorescent filters. The 
images were further analyzed and processed using the ImageJ software 
package. The area of the LDs (green) and the area of the nucleus (blue) 
were measured using the software, and the LDs area/nucleus area was 
calculated as the relative fluorescence ratio. Three biological replicates, 
each with three technical replicates (n = 9).

2.4 LDs isolation from granulosa cells

LDs were isolated from granulosa cells according to the 
manufacturer’s instructions (Cell Biolabs, INC. cat#MET-5011). 
Briefly, 1.5 × 107 granulosa cells were digested, and the medium was 
removed by first washing the cells with PBS. After washing, the cells 
were resuspended in 200 μL of Reagent A, incubated on ice for 10 min, 
and then 800 μL of Reagent B was added. The cells were homogenized 
by passing them through a 27-gauge needle five times. 600 μL of 
Reagent B are cautiously added to the homogenate and centrifuged at 
18,000 g at 4°C for 3 h. Subsequently, the uppermost 270 μL of the 
stratified solution were aspirated to yield the LDs.

2.5 DEPs sample preparation for LC-MS/MS 
analysis

LDs were isolated from hierarchical and pre-hierarchical 
granulosa cells after 2 d, 3 d, 4 d, 5 d, and 6 d of culture, respectively. 
Three technical replicates were performed for each time point 
(n = 15). LDs isolated from hierarchical granulosa cells after 2 d of 
culture were referred to as the H2 group, while LDs from 
pre-hierarchical granulosa cells after 2 d of culture were referred to as 
the P2 group. The remaining samples were named sequentially. Total 
protein amount for each sample was at least 30 μg, proteomic analysis 
of LD proteins from each sample was performed by mixing a specific 
concentration of formic acid with the digested sample, adjusting the 
pH below 3, and centrifuging at 12,000  g for 5 min at room 
temperature. The samples were then desalted using a C18 desalting 
column, and the eluate was collected and lyophilized.

The spectra library for data-independent acquisition (DIA) was 
constructed using UHPLC–MS/MS in Novogene Bioinformatics 
Technology Co., Ltd. (Beijing, China). To build the library, LD 
proteomics analysis was performed using a Vanquish Neo upgraded 
UHPLC system (Thermo Fisher, America), and the separated peptides 
were analyzed using a Thermo Orbitrap Fusion Lumos mass 
spectrometer (Thermo Fisher, America). To improve the quality of the 
analytical results, the DIA-NN software further filtered the search 
results by retaining only credible Peptide Spectrum Matches (PSMs) 
with a confidence level of 99% or higher.

2.6 Protein identification and quantification

The raw files were searched and analyzed using the DIA-NN 
library search software, based on the UniProt database specific to the 
Anser cygnoides proteome. Only credible spectral peptides and 

proteins were retained, and FDR validation was performed to remove 
peptides and proteins with an FDR greater than 1%. Proteins were 
quantified in all three replicate samples. Proteins with a peptide 
number greater than 2 were selected for further analysis. Significantly 
differentially expressed proteins (DEPs) were screened according to 
the criteria with fold change >1.5 (up-regulation) or < 0.67 (down-
regulation) and p < 0.05.

2.7 Bioinformatic analysis

The original functions of the proteins were clustered using 
Clusters of Orthologous Groups (COGs) analysis.1 Gene Ontology 
(GO) functional annotation was performed using InterProScan 
software, with reference to the chicken (Gallus gallus) database. The 
functions of different proteins were categorized using GO assignment2 
to classify the identified proteins into three main categories: biological 
processes, cellular components, and molecular functions. The most 
important biochemical metabolic pathways and signal transduction 
pathways of the proteins were identified using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway.3 Short Time-Series 
Expression Miner (STEM) clustering algorithm was used to identify 
temporal expression profiles of LD proteins. Representative temporal 
expression profiles were defined as model profiles, and protein 
expression values were transformed into logarithmic ratios of 
expression relative to Day 2. Each protein was then assigned to a 
model profile based on the screening criteria, and the correlation 
coefficients between the protein’s expression profile and the model 
profile were determined. If the correlation coefficients indicate 
statistical significance, the corresponding data points or boxes in the 
plot are colored. Interactions between proteins were analyzed by 
constructing PPI networks. The interaction information of all proteins 
was collected using the online database STRING,4 and the results were 
imported into Cytoscape for visualization.

2.8 Statistical analysis

For each experimental procedure, data were collected 
simultaneously from at least three geese per group, with at least three 
technical repetitions set up. The data were expressed as 
mean ± standard error of the mean (SEM), significant differences 
between the proteins in the two phases of LDs were determined using 
independent t-tests and one-way ANOVA (GraphPad Prism 5), the 
obtained data were initially analyzed for normal distribution using 
descriptive statistics in SPSS, followed by significance analysis using 
t-tests and one-way ANOVA (SPSS version 20.0, IBM, Armonk, IL, 
USA). Differences with p < 0.05 were considered statistically 
significant, images drawn using Prism 5, Graphpad software. 
Metabolic pathway plots were drawn using Adobe Photoshop.

1  https://www.ncbi.nlm.nih.gov/research/cog

2  https://www.geneontology.org

3  https://www.genome.jp/kegg

4  https://string-db.org/
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3 Results

3.1 Differences of LDs content in vitro 
cultured granulosa cells from geese 
follicles at different developmental stages

Using BODIPY staining, we investigated the LD content in two 
distinct groups of granulosa cells, isolated from follicles at different 
developmental stages. As shown in Figure 1, the results indicated that 
LDs of granulosa cells were spherical in shape, and with increasing 
incubation time, the hierarchical granulosa cells tended to accumulate 
larger LDs, in contrast to the smaller droplets formed by 
pre-hierarchical granulosa cells. The staining results indicate 
significant differences in LD content between granulosa cells at 
different developmental stages. Specifically, the LD content in 
hierarchical granulosa cells is significantly higher than that in 
pre-hierarchical granulosa cells (p < 0.001). To gain further insights 
into the underlying mechanisms, we  subsequently purified high-
quality LDs from granulosa cells for comprehensive proteomic analysis.

3.2 Identification and classification of 
LDAPs

Proteomic studies were conducted to gain insights into the LDAPs 
in granulosa cells from hierarchical and pre-hierarchical follicles, a 
schematic workflow is shown in Figure 2A. The application of Principal 
Component Analysis (PCA) to the amassed proteomic dataset reveals 

distinct separation between hierarchical granulosa cells hierarchical 
granulosa cells (H group) and pre- hierarchical granulosa cells (P 
group), as shown in Figure 2B. Comparison with the UniProt database 
identified and quantified a total of 4,365 LDAPs. Of these, 3,959 LDAPs 
were identified from the H group and 4,118 from the P group, with 
3,712 proteins co-identified in both groups (Figure 2C). To further 
analyze these proteins, we performed a Cluster of Orthologous Groups 
(COGs) analysis, which categorized the 4,365 proteins into 10 groups 
based on their cellular functions using the COGs database. As shown 
in Figure 2D and Supplementary Table S1, we found that many proteins 
were enriched in the COGs category ‘lipid transport and metabolism’, 
including numerous enzymes related to lipid synthesis and degradation, 
such as Fatty acid synthase (FASN), Fatty acid-binding proteins (FABP1, 
FABP4, FABP7), long-chain acyl-coenzyme A synthases (ACSL1, 
ACSL3, ACSL4), Acyl-CoA synthetase family members (ACSF2, 
ACSF3), Methylsterol monooxygenase 1 (MSMO1), Diacylglycerol 
kinases (DGKD, DGKQ), and Monoglyceride lipase (MGLL).

3.3 DEPs between hierarchical and 
pre-hierarchical granulosa cells

We further analyzed the DEPs in the H and P groups across five 
time points. At 2 d of cell culture (H2 vs. P2), a total of 1,180 DEPs were 
identified, with 856 DEPs up-regulated and 324 DEPs down-regulated. 
At 3 d (H3 vs. P3), 922 DEPs were identified, comprising 640 
up-regulated and 282 down-regulated proteins. Similarly, at 4 d (H4 vs. 
P4), 907 DEPs were identified, including 468 up-regulated and 439 

FIGURE 1

BODIPY staining of LDs. (A) Morphological characteristics of LDs in granulosa cells detection by BODIPY (green) and DAPI (blue) staining. (B) With 
increasing incubation time, the LDs content in hierarchical granulosa cells and pre-hierarchical granulosa cells showed dynamic changes, and the LDs 
content in hierarchical granulosa cells was significantly higher than that in pre-hierarchical granulosa cells. ***p < 0.001.
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down-regulated. At 5 d (H5 vs. P5), 663 DEPs were screened, with 356 
up-regulated and 307 down-regulated. Lastly, at 6 d (H6 vs. P6), 1,313 
DEPs were screened, of which 1,072 were up-regulated and 241 were 
down-regulated (Figure 3A). Notably, NPC intracellular cholesterol 
transporter 2 (NPC2) was consistently among the top 20 up-regulated 
DEPs across all five time points. Monoglyceride lipase (MGLL), Retinol 
dehydrogenase 10 (RDH10), and Interleukin-1 receptor-associated 
kinase 4 (IRAK4) were also among the top 20 up-regulated DEPs in 
four of the time points. Conversely, five DEPs, including Carboxylic 
ester hydrolase (TGH), Neurofilament light (NEFL), Filamin C 
(FLNC), Peptidyl-cysteine S-nitrosylase GAPDH (GAPDHS), and CD2 
associated protein (CD2AP) were consistently among the top 20 down-
regulated DEPs across all five time points. Lymphocyte-specific protein 
1 (LSP1), Phosphoglucomutase 5 (PGM5), cGMP-dependent protein 
kinase (PRKG1), Creatine kinase B (CKB), and Transglutaminase 2 
(TGM2) were also among the top 20 down-regulated DEPs in four of 
these time points (Figure 3B; Supplementary Table S2).

3.4 Pathway enrichment analysis of DEPs

To elucidate the potential functions of these proteins, 
we  performed GO and KEGG pathway enrichment analysis 

(Supplementary Table S3). In the five time points, BP was enriched for 
a large number of biological processes related to fatty acid metabolism, 
such as fatty acid metabolism, fatty acid biosynthesis, and fatty acid 
β-oxidation. CC was enriched for cellular components such as LDs, 
mitochondria, endoplasmic reticulum, and MF was enriched for 
molecular functions such as lipid-binding, calcium-dependent 
phospholipid-binding, and phospholipid-binding. The five groups of 
KEGG pathways were enriched in 114 metabolic pathways, of which 
23 were all related to lipid metabolism (Table 1). Five of these pathways 
were significant in each group, namely fatty acid metabolism, fatty 
acid degradation, fatty acid biosynthesis, glycerophospholipid 
metabolism, and PPAR signaling pathway. The top  20 most 
significantly enriched GO terms and KEGG pathways in the five time 
points, according to the smallest to largest P, are shown in 
Supplementary Figure S1.

3.5 DEGs short time-series expression 
miner (STEM) analysis

There were 173 DEPs in 23 pathways related to lipid 
metabolism, and further analysis for STEM analysis of these 173 
DEPs showed that a total of 119 DEPs were significantly expressed 

FIGURE 2

Identification and classification of LDAPs. (A) Schematic of protein sample collection. (B) PCA analysis of all proteins. (C) The Venn diagram showed 
overlapping proteins between the H and P groups proteomes.(D) The 4,365 proteins of LDs identified in two groups samples were categorized into 10 
groups: Lipid transport and metabolism; Energy production and conversion; Extracellular structures and Cytoskeleton; Signal transduction 
mechanisms; Intracellular trafficking, secretion, and vesicular transport; Posttranslational modification, protein turnover, chaperones; Translation, 
ribosomal structure and biogenesis; General function prediction only; others and Function unknown protein. Circles from outer to inner represent H 
and P groups.
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FIGURE 3

Significantly changed proteins at five times points. (A) Volcano plot of DEPs at five time points, top 20 up- and down-regulated DEPs are labeled in the 
figure, red and blue show up- and down-regulated proteins. (B) Upset plot of top 20 up-regulated DEPs at five time points, the annotated proteins 
were those significantly up-regulated and ranked within the top 20 at all 4 or 5 time points. (C) Upset plot of top 20 down-regulated DEPs at five time 
points, the annotated proteins were those significantly down-regulated and ranked within the top 20 at all 4 or 5 time points.

80

https://doi.org/10.3389/fvets.2025.1544718
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Yuan et al.� 10.3389/fvets.2025.1544718

Frontiers in Veterinary Science 07 frontiersin.org

(Figure 4A). 55 DEPs were significantly expressed in the H group, 
95 DEPs were significantly expressed in the P group, and 31 DEPs 
were significantly expressed in both groups (Table 2). A heat map 
of the 119 DEPs is shown in Figure 4B. Among them, the expression 
of Arylsulfatase A (ARSA), Calcium/calmodulin-dependent 

protein kinase (CAMK2G), Beta-galactosidase (GLB1), 
Phospholipase A2 group XV (PLA2G15), Phospholipase D family 
member 3 (PLD3), Inositol hexakisphosphate and 
Diphosphoinositol-pentakisphosphate kinase (PPIP5K2), 
Palmitoyl-protein thioesterase 1 (PPT1), Ras-related GTP-binding 

TABLE 1  23 pathways related to lipid transport and metabolism in KEGG.

KEGG pathway H2vsP2 H3vsP3 H4vsP4 H5vsP5 H6vsP6

P Protein 
number

P Protein 
number

P Protein 
number

P Protein 
number

P Protein 
number

Adipocytokine 

signaling pathway
0.081903718 6 0.399736772 3 0.894016652 1 0.496527864 2 0.238992617 5

Arachidonic acid 

metabolism
0.391842125 3 0.259843213 3 0.104576542 4 0.720128934 1 0.11790552 5

Biosynthesis of 

unsaturated fatty 

acids

0.004129396 6 0.006264012 5 0.100075282 3 0.545797932 1 0.079336257 4

Ether lipid 

metabolism
0.059640273 5 0.024985137 5 0.212907204 3 0.322021909 2 0.086035527 5

Fatty acid metabolism 8.61185E-10 18 6.88941E-09 15 4.37861E-08 14 0.000743567 7 1.47597E-10 20

Fatty acid degradation 4.63435E-08 13 1.36009E-06 10 1.31832E-06 10 0.000395103 6 7.99851E-11 17

Fatty acid elongation 0.001875318 6 0.016049957 4 0.015866054 4 0.484105001 1 0.000693086 7

Fatty acid 

biosynthesis
0.011553426 4 0.000731424 5 0.004949534 4 0.013081478 3 0.00061686 6

FoxO signaling 

pathway
0.063064124 10 0.929063184 2 0.01525887 10 0.219977859 5 0.187334174 9

Glycerophospholipid 

metabolism
7.08801E-05 15 7.06706E-05 13 0.022661473 8 0.004206846 8 0.028526744 10

Glycerolipid 

metabolism
0.008863215 8 0.173087583 4 0.02420311 6 0.006225667 6 0.042033529 7

Inositol phosphate 

metabolism
0.051616502 7 0.251519932 4 0.005276411 8 0.003455361 7 0.000184138 13

mTOR signaling 

pathway
0.007077796 14 0.725976268 4 0.067441344 9 0.077998002 7 0.034069214 13

PPAR signaling 

pathway
0.000364143 11 0.000197038 10 0.010179646 7 0.008263097 6 1.93212E-05 14

Pyruvate metabolism 0.191688717 3 0.115259819 3 0.032706427 4 0.012291826 4 7.50742E-07 12

p53 signaling pathway 0.090967725 6 0.677731516 2 0.213122638 4 0.099369061 4 0.65280141 3

Phosphatidylinositol 

signaling system
0.012063792 10 0.113077519 6 0.002263618 10 0.000939587 9 0.000170706 15

Sphingolipid 

metabolism
0.000108941 10 0.027010105 5 0.08386048 4 0.008219112 5 0.2099859 4

Steroid biosynthesis 0.053126518 3 0.000731424 5 0.028781386 3 0.000181817 5 0.00061686 6

Steroid hormone 

biosynthesis
0.099921091 4 0.384618981 2 0.730563293 1 0.619992007 1 0.56707676 2

TGF-beta signaling 

pathway
0.584061319 4 0.824900947 2 0.220264115 5 0.41485102 3 0.988947716 1

VEGF signaling 

pathway
0.021856082 7 0.870519274 1 0.158462864 4 0.070380945 4

0.350247013 4

Wnt signaling 

pathway

0.951386512 3 0.239879709 7 0.380932336 6 0.165932671 6 0.03563754 13
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FIGURE 4

STEM analysis of DEPs. (A) The temporal expression profiles of proteins in H and P groups are shown, with the colored backgrounds of the clusters 
indicating significant changes in the expression trends of proteins within these clusters. A total of 119 proteins exhibited significant expression trends, 
among which 55 DEPs were identified in the colored clusters of H group, while 95 DEPs were identified in the colored clusters of P group. (B) The 
heatmap of 119 DEPs in the colored clusters is shown, with the left side displaying the heatmap of 55 DEPs from H group and the right side displaying 
the heatmap of 95 DEPs from P group.
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TABLE 2  119 proteins with significance in STEM.

Group Profile Protein description (Gene name) Number

H

9

Acetyl-CoA acyltransferase 1 (ACAA1), Long-chain-fatty-acid--CoA ligase (ACSL1), 1-acyl-sn-glycerol-3-phosphate acyltransferase (AGPAT2), Alkylglycerone-phosphate synthase (AGPS), Phosphatidate 

cytidylyltransferase (CDS2), Catechol O-methyltransferase (COMT), Glucosylceramidase beta 2 (GBA2), Glycerophosphodiester phosphodiesterase domain containing 1 (GDPD1), Growth factor receptor bound protein 

10 (GRB10), Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase (HACD3), Hydroxysteroid 17-beta dehydrogenase 12 (HSD17B12), Lysophosphatidylcholine acyltransferase 3 (LPCAT3), Prostaglandin-endoperoxide 

synthase 1 (PTGS1)M, Solute carrier family 27 member 4 (SLC27A4), Transducin beta like 1 X-linked receptor 1 (TBL1XR1), Tumor protein p53 inducible protein 3 (TP53I3)

16

41

Acetyl-CoA acyltransferase 2 (ACAA2), Acyl-CoA dehydrogenase short chain (ACADS), Acyl-CoA dehydrogenase short/branched chain (ACADSB), Aldehyde dehydrogenase 9 family member A1 (ALDH9A1), 

Arylsulfatase A (ARSA), Calmodulin 1 (CALM), calcium/calmodulin-dependent protein kinase (CAMK2G), Caspase 3 (CASP3), carbonyl reductase (NADPH)(CBR1), Fumarate hydratase, mitochondrial (FH), 

Galactocerebrosidase (GALC), Alpha-galactosidase (GLA), Beta-galactosidase (GLB1), Lactoylglutathione lyase (GLO1), Hydroxyacylglutathione hydrolase (HAGH), mitogen-activated protein kinase (MAPK1), Malate 

dehydrogenase (MDH1), Malate dehydrogenase (MADH2), Lissencephaly-1 homolog (PAFAH1B1), Phosphatidylinositol-5-phosphate 4-kinase type 2 alpha (PIP4K2A), Phospholipase A2 group XV (PLA2G15), 

Phospholipase D family member 3 (PLD3), Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase (PPIP5K2), Palmitoyl-protein thioesterase 1 (PPT1), Protein kinase AMP-activated non-catalytic 

subunit gamma 2 (PRKAG2), Ribosomal protein S6 kinase (RPS6KA3), Ras-related GTP-binding protein (RRAGD), Ribonucleotide reductase regulatory TP53 inducible subunit M2B (RRM2B), Sphingomyelin 

phosphodiesterase 1 (SMPD1)

29

44

Calcium binding protein 39 (CAB39), carnitine O-palmitoyltransferase (CPT1A), Cytochrome P450 family 51 subfamily A member 1 (CYP51A1), enoyl-CoA hydratase (EHHADH), Inositol polyphosphate-5-phosphatase 

K (INPP5K),3-dehydrosphinganine reductase (KDSR), Methylsterol monooxygenase 1 (MSMO1), Sphingosine-1-phosphate lyase 1 (SGPL1), O-acyltransferase (SOAT1), Serine palmitoyltransferase long chain base 

subunit 2 (SPTLC2)

10

P

26

S-(hydroxymethyl)glutathione dehydrogenase (ADH5), Calmodulin 1 (CALM1), carbonyl reductase (CBR1), Casein kinase 1 epsilon (CSNK1E), Cytochrome c (CYCS), Disheveled segment polarity protein 3 (DVL3), 

Eukaryotic translation initiation factor 4E family member 2 (EIF4E2), Fatty acid binding protein 7 (FABP7), GABA type A receptor associated protein like 2 (GABARAPL2), Lactoylglutathione lyase (GLO1), Growth factor 

receptor bound protein 10 (GRB10), mitogen-activated protein kinase (MAPK1), Monoglyceride lipase (MGLL), Phosphatidylinositol 4-kinase beta (PI4KB), Phospholipase A2 (PLA2G4A), Ribosomal protein S6 kinase 

(RPS6KA3)

16

29

Acyl-CoA synthetase family member 3 (ACSF3), Long-chain-fatty-acid--CoA ligase (ACSL1), 1-acylglycerol-3-phosphate O-acyltransferase 5 (AGPAT5), V-type proton ATPase subunit C (ATP6V1C1), Caspase 3 

(CASP3), Cyclin dependent kinase 6 (CDK6), enoyl-CoA hydratase (EHHADH), Epoxide hydrolase 2 (EPHX2), Glycerol-3-phosphate dehydrogenase (GPD2), Integrin-linked protein kinase (ILK), Malate dehydrogenase 

(MDH1), Lissencephaly-1 homolog (PAFAH1B1), 1-phosphatidylinositol-3-phosphate 5-kinase (PIKFYVE), phospholipase A2 (PLA2G6), 1-phosphatidylinositol 4, 5-bisphosphate phosphodiesterase (PLCB1), Protein 

kinase AMP-activated non-catalytic subunit beta 1 (PRKAB1), Protein kinase AMP-activated non-catalytic subunit gamma 2 (PRKAG2)

17

37

Acetyl-CoA acyltransferase 1 (ACAA1), Acetyl-CoA acyltransferase 2 (ACAA2), Acyl-CoA dehydrogenase short/branched chain (ACADSB), Acetyl-CoA acetyltransferase 1 (ACAT1), Acyl-coenzyme A oxidase (ACOX1), 

Aldehyde dehydrogenase 6 family member A1 (ALDH6A1), Bcl-2-like protein 1 (BCL2L1), Acetyltransferase component of pyruvate dehydrogenase complex (DLAT), Enoyl-CoA hydratase, short chain 1 (ECHS1), 

Fibrillin 1 (FBN1), Fumarate hydratase, mitochondrial (FH)

11

41

Apolipoprotein A1 (APOA1), Arylsulfatase A (ARSA), calcium/calmodulin-dependent protein kinase (CAMK2G), Choline kinase alpha (CHKA), Ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6), Beta-

galactosidase (GLB1), Ragulator complex protein LAMTOR5 (LAMTOR5), phosphatidylinositol-4, 5-bisphosphate 3-kinase (PIK3CA), Phospholipase A2 group XV (PLA2G15), Phospholipase D family member 3 (PLD3), 

Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase (PPIP5K2), Protein phosphatase 3 regulatory subunit B, alpha (PPP3R1), Palmitoyl-protein thioesterase 1 (PPT1), Ras-related GTP-binding 

protein (RRAGD), Sphingomyelin phosphodiesterase 1 (SMPD1), TSC complex subunit 2 (TSC2)

16

42

Acyl-CoA synthetase long chain family member 3 (ACSL3), Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase (HACD3), Hydroxysteroid 17-beta dehydrogenase 7 (HSD17B7), 3-dehydrosphinganine reductase 

(KDSR), Lysophosphatidylcholine acyltransferase 1 (LPCAT1), Terpene cyclase/mutase family member (LSS), NAD (P) dependent steroid dehydrogenase-like (NSDHL), CDP-diacylglycerol--glycerol-3-phosphate 

3-phosphatidyltransferase (PGS1), Perilipin (PLIN2), Patatin like phospholipase domain containing 7 (PNPLA7), non-specific serine/threonine protein kinase (ROCK1), Sphingosine-1-phosphate lyase 1 (SGPL1)

12

43

Acetyl-CoA acetyltransferase 2 (ACAT2), V-type proton ATPase subunit H (ATP6V1H), Inhibitor of nuclear factor kappa-B kinase subunit alpha (CHUK), Diacylglycerol kinase (DGKQ), Glycerophosphocholine 

phosphodiesterase 1 (GPCPD1), IkappaB kinase (IKBKB), Inositol polyphosphate-1-phosphatase (INPP1), KRAS proto-oncogene, GTPase (KRAS), Phosphatidylinositol 4-kinase type 2 (PI4K2A), SAC1 like 

phosphatidylinositide phosphatase (SACM1L)

10

49

Calcium binding protein 39 (CAB39), calcium/calmodulin-dependent protein kinase (CAMK2D), C-terminal binding protein 1 (CTBP1), Eukaryotic translation initiation factor 4E (EIF4E), Hydroxyacylglutathione 

hydrolase (HAGH), Stress-activated protein kinase JNK (MAPK8), Mitochondrial trans-2-enoyl-CoA reductase (MECR), Phosphatidylinositol 3-kinase regulatory subunit alpha (PIK3R1), Phosphatidylinositol-5-

phosphate 4-kinase type 2 alpha (PIP4K2A), Phosphoinositide phospholipase C (PLCD1), Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN (PTEN), Rac family small 

GTPase 1 (RAC1), Rho-associated protein kinase (ROCK2)

13
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protein (RRAGD), and Sphingomyelin phosphodiesterase 1 
(SMPD1), a total of nine DEPs showed an upward trend in both the 
H and P groups.

3.6 Protein–protein interaction (PPI) 
network analysis

A protein–protein interaction (PPI) network was constructed 
using the network visualization resource STRING for 119 DEPs, 
as shown in Figure  5A. Fourteen key proteins were screened, 
including Long-chain acyl-CoA synthetases family members 
(ACSL1, ACSL3), Acetyl-CoA acetyltransferase (ACAT1, 

ACAT2), Acetyl-CoA acyltransferase (ACAA1, ACAA2), 
Carnitine O-acyltransferase CPT1 (CPT1A), Acyl-CoA oxidase 
(ACOX1), Short-chain acyl-CoA dehydrogenase (ACADS, 
ACADSB), Aldehyde dehydrogenase family members (ALDH6A1, 
ALDH9A1), Enoyl-CoA hydratase (EHHADH), and 
Dihydrolipoamide acetyltransferase (DLAT). 12 of these proteins 
were involved in the fatty acid degradation process, suggesting 
that fatty acid degradation plays a key role in lipid metabolism in 
hierarchical follicles and pre-hierarchical follicles. ACSL3 is a key 
rate-limiting protein in fatty acid degradation and is a repeatedly 
identified LD protein. In this study, ACSL3 was differentially 
expressed in both phases (Figure  5B), and there was a highly 
significant difference in ACSL3 expression at 6 d of cell culture.

FIGURE 5

Screening of key proteins. (A) Protein–protein interaction (PPI) network analysis for DEPs, the 14 proteins in the outer circle are the hub proteins. 
(B) The violin plot illustrates the distribution of ACSL3 protein expression levels. Across the five time points, ACSL3 protein expression levels show 
significant differences between H and P groups.
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4 Discussion

The development of avian follicles follows a strict hierarchy. 
During the progression from pre-hierarchical follicles to 
hierarchical follicles, there is a gradual deposition of yolk 
precursors (primarily lipids) within the follicles. Cellular neutral 
lipids are stored in the form of LDs, which may play a more 
significant role in the development of goose follicles. LDs have 
been reported to be associated with follicular development, with 
the size and number of LDs changing as the follicle grows, total 
intracellular lipid content also increases gradually with follicular 
growth (35–37). In geese, differences in the morphology and lipid 
content of LDs have been reported in hierarchical and 
pre-hierarchical granulosa cells (13). In the present study, 
we found highly significant differences in LDs in granulosa cells 
of goose follicles at different stages of development. The content 
of LDs was significantly higher in hierarchical granulosa cells 
than in pre-hierarchical granulosa cells, and hierarchical 
granulosa cells tended to synthesize large LDs, whereas 
pre-hierarchical granulosa cells tended to form smaller LDs. The 
content of LDs in hierarchical granulosa cells gradually increased 
with increasing culture time, reaching a maximum after 5 d of 
cell culture and then decreasing. These findings are consistent 
with previous reports.

The functions of LDs are primarily carried out by LDAPs, and 
previous studies have identified hundreds of these proteins 
within LDs. In this study, we found a large number of enzymes 
involved in lipid synthesis processes, such as FASN, ACSFs, 
ACSLs, DGKs, and MSMO1, these enzymes are found in both 
hierarchical granulosa cells and pre-hierarchical granulosa cells. 
This also suggests an important role for LD lipid metabolism in 
granulosa cells. FASN is a key enzyme in fatty acid synthesis in 
mammals, with mRNA and protein expression observed in rat, 
bovine, and human granulosa cells (38). Previous studies have 
identified FASN in the granulosa layer of the goose small white 
follicle and small yellow follicle by using transcriptome 
sequencing (39). ACSF, an isoenzyme of ACS, has been shown to 
be  involved in fatty acid and cholesterol synthesis (40) and is 
associated with egg production in poultry (41, 42). Long-chain 
acyl-coenzyme A synthases (ACSLs) are key enzymes in the 
regulation of lipid metabolism, including fatty acid elongation, 
oxidative decomposition, and phospholipid generation (43). 
ACSL3 localizes to LDs and promotes their biogenesis (44). 
We also previously identified ACSL3 mRNA expression in the 
granulosa cells of goose hierarchical follicles (45). Diacylglycerol 
kinase (DGK) is a lipid kinase converting diacylglycerol (DAG) 
to phosphatidic acid (PA) and can be involved in various cellular 
responses by regulating balance of the two lipid messengers (46). 
Expression of DGK protein has been found in both the ovary and 
uterus of mice, suggesting a role for DGK in the maturation of 
mouse oocytes (47). MSMO1 gene encodes an enzyme involved 
in cholesterol biosynthesis. Cholesterol and intermediates in its 
biosynthetic pathway are required for many developmental 
processes including membrane biosynthesis, steroid biosynthesis, 
and adipogenesis (48). DEPs mentioned above were involved in 
the fatty acid synthesis process, confirming that both goose 
hierarchical follicles and pre-hierarchical follicles have fatty acid 
synthesis function (14), and that there are some differences in the 

lipid synthesis process between hierarchical follicles and 
pre-hierarchical follicles. These DEPs may influence goose 
follicle development by regulating lipid synthesis in LDs, which 
in turn modulates cellular lipid metabolism.

In addition to enzymes involved in lipid metabolism, LDs are 
also enriched with various other proteins that participate in 
multiple cellular life activities. This study identified differential 
proteins associated with steroid hormone secretion and cell 
proliferation and apoptosis in both hierarchical and 
pre-hierarchical granulosa cells. These differential proteins may 
influence follicular development by regulating steroid hormone 
secretion, cell proliferation, and apoptosis.

Avian follicles exhibit a unique hierarchical development, 
where small pre-hierarchical follicles are unable to synthesize 
active steroid hormones using steroids as substrate, and steroid 
hormone secretion occurs only in the hierarchical granulosa 
cells. Among the top 20 up-regulated DEPs in this study, NPC2 
is an intracellular cholesterol transporter protein, which has the 
intracellular activity of extracting cholesterol from low-density 
lipoproteins (LDL) and delivering it to membrane-bound NPC1, 
which cooperates with downstream proteins to transport 
cholesterol throughout the cell to fulfill its biological function 
(49). Previous research on chicken small yellow and large yellow 
follicles revealed a six-fold upregulation of NPC2 mRNA 
expression (50). Similarly, our study found significant 
upregulation of NPC2 protein at all five time points in both H 
and P groups. MGLL, a member of the serine hydrolase 
superfamily, is localized to LDs and plays a key role in breaking 
down monoacylglycerol into free fatty acids and glycerol (47). It 
also hydrolyzes 2-arachidonoylglycerol (2-AG) to arachidonic 
acid (AA). Additionally, RDH10 is also localized in LDs and 
binds to their surface during acyl ester biosynthesis (49). 
We hypothesized that lipids in the LDs of hierarchical follicles are 
degraded by hydrolytic enzymes, such as MGLL. The degradation 
product, cholesterol, is then transported by transporter enzymes, 
which are involved in the process of steroid hormone secretion. 
This hypothesis confirms the differences in steroid hormone 
secretion between avian hierarchical follicles and pre-hierarchical 
follicles. Granulosa cells promote cholesterol biosynthesis and 
hydrolysis through different enzymes, ensuring a steady supply 
of cholesterol for steroidogenesis, reflecting their ability to 
respond to hormonal signals and provide energy for follicular 
development. Among the down-regulated top  20 DEPs, 
we  identified several proteins related to the cytoskeleton and 
structure, such as NEFL, FLNC, LSP1, PGM5. The movement of 
LDs is primarily driven by associated proteins such as the 
cytoskeleton, suggesting that in hierarchical follicles, the reduced 
expression of these proteins may lead to decreased movement of 
LDs and reduced contact with other organelles. Our findings 
align with the observed differences in lipid metabolism and 
steroid hormone secretion between hierarchical and 
pre-hierarchical follicles.

With increasing incubation time, we found that the expression 
of certain proteins showed a continuous upward trend, among 
which CAMK2G, RRAGD, SMPD1 and PPIP5K2 were closely 
related to cell proliferation and apoptosis, potentially playing 
essential roles in the development of goose follicles. Intracellular 
calcium ions regulate steroidogenesis in both the testis and the 
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ovary, whereas CAMK2G, which is involved in the calcium 
signaling pathway, regulates apoptosis and also acts as a regulator 
of cell adhesion, proliferation, and survival (51). Its expression has 
been detected in the ovaries of mice, goats, and pigs (52, 53). 
CAMK2G is known to control oocyte activation by restoring the 
cell cycle in mouse oocytes (54, 55). RRAGD mediates amino acid 
stimulation of the mTOR signaling pathway, a crucial pathway for 
cell growth and proliferation (56). SMPD1 protects human 
luteinizing granulosa cells from apoptosis and plays a vital role in 
initiating female germ cell death signaling (57). PPIP5K2 is highly 
expressed in colorectal cancer (CRC) and enhances the proliferation 
and migration abilities of CRC cells (58). These DEPs showed a 
progressive increase in protein expression with time in H and P 
groups and were significant findings in STEM analysis, which may 
be  important for follicular development. We propose that these 
DEPs may play similar roles in avian species, further affecting goose 
follicle development by controlling a range of life activities such as 
granulosa cells proliferation and apoptosis.

Finally, we performed PPI network analysis and identified 14 
candidate key proteins that may regulate lipid metabolism in 
granulosa cells. After pathway analysis, we found that 12 of these 
proteins were involved in the fatty acid degradation process, and 
therefore hypothesized that the fatty acid degradation pathway might 
be an important contributor to the differences in LDs of granulosa 
cells at different developmental stages. Fatty acid oxidation (FAO) is 
the main pathway for fatty acid degradation, and CPT1A is the key 
rate-limiting enzyme in FAO. It has been reported that knockdown 
of CPT1A induces lipid differentiation in chicken adipocytes, inhibits 
the β-oxidation process, and promotes the formation of LDs (59). The 
ACAA gene encodes an enzyme of the thiolase family, and in sheep 
preadipocytes, overexpression of ACAA1 reduced cellular lipid 
accumulation and triglyceride content (60), while lack of ACAA2 
expression may also lead to reduced LD formation (61). ACAA1 and 
ACAA2 can be involved in fatty acid elongation and degradation by 
catalyzing the final step of the β-oxidation pathway and are therefore 
essential for energy production and lipid metabolism (62). In 
addition, ACOX1, EHHADH, and ACAD are enzymes involved in 
the fatty acid β-oxidation pathway. One of the main functions of LDs 
is to produce energy through the fatty acid β-oxidation pathway by 
oxidizing free fatty acids. Mitosis is prevalent in pre-hierarchical 
granulosa cells and requires large amounts of energy to supply the 
metabolism of these cells. It can be speculated that in pre-hierarchical 
granulosa cells, fatty acids are oxidized and used primarily to generate 
energy for autotrophic requirements rather than synthesizing LDs.

ACSLs are a group of rate-limiting enzymes in fatty acid 
metabolism. They are essential for the activation of long chain fatty 
acids (LCFA). Once esterified by ACSL, LCFAs can enter various 
metabolic pathways, including cellular fatty acid catabolism, 
phospholipid synthesis, TG synthesis and CE synthesis. The 
mammalian ACSLs family contains five members, including ACSL1, 
ACSL3, ACSL4, ACSL5, and ACSL6. ACSL1 promotes fatty acids 
uptake and free fatty acids deposition, also affecting TG levels 
through the PPARγ pathway (63). ACSL3, frequently identified as an 
abundant LDAP (64). Intracellularly, ACSL3 is predominantly 
distributed in the periphery of LDs and on the cytoplasmic surface of 
the endoplasmic reticulum (44). ACSL3 is a key enzyme for LD 
biogenesis that redistributes from the endoplasmic reticulum to LDs 
during LD formation, and this localization mechanism of ACSL3 is 

associated with Rab18 and PLIN2. Rab18 interacts with PLIN2 and 
forms a complex with ACSL3, promotes the localization of ACSL3 on 
the surface of nascent LDs, thereby increasing the content of 
intracellular LDs (65). Addition of oleic acid (OA) to human 
hepatocyte medium enhances intracellular LD accumulation, 
accompanied by increased ACSL3 expression, while ACSL inhibitors 
Triacsin C reduce LD content, indicating that ACSL is involved in 
neutral lipid synthesis and LD formation (66). Recently, it was found 
that ACSL3 not only regulates the biogenesis of LDs in cells, but also 
decreases the susceptibility of cells to ferroptosis (67). In conclusion, 
ACSL3 is involved in intracellular lipid metabolism by promoting the 
formation and maturation of LDs. Expression of ACSL3mRNA is 
currently detected in granulosa cells from humans (1), bovine (68), 
goose (45). Recent evidence suggests that ACSL3 is important in 
maintaining the channeling of extracellularly-derived lipids to FAO 
(69). In our study, ACSL3 protein was expressed in both hierarchical 
follicles and pre-hierarchical follicles, and protein expression changed 
with time. In pre-hierarchical follicles, lipid metabolism in granulosa 
cells primarily focuses on maintaining cellular structure and basal 
metabolism. During this phase, granulosa cells exhibit weak lipid 
synthesis capacity, limited lipid accumulation, and low activity of 
lipid metabolism-related enzymes. The main functions of lipids are 
to construct cell membranes and provide energy. In contrast, lipid 
metabolism in granulosa cells of hierarchical follicles is significantly 
enhanced, particularly in the synthesis and accumulation of yolk 
precursor substances, to meet the demands of yolk formation and 
rapid follicular development. During this phase, the activity of lipid 
synthesis-related enzymes is markedly increased, and lipids 
accumulate extensively in the form of TG and CE. Therefore, 
we hypothesize that in goose hierarchical follicular granulosa cells, 
most of the fatty acids activated by ACSL3 are utilized for the 
synthesis of TG and CE, which further contribute to the formation of 
LDs, ultimately leading to differences in lipid deposition.

5 Conclusion

In conclusion, we observed significantly higher levels of LDs in 
hierarchical granulosa cells than in pre-hierarchical granulosa cells. 
Moreover, the content of LDs in granulosa cells at different 
developmental stages underwent dynamic changes with the 
extension of cell culture time. Importantly, this study marks the first 
proteomic analysis of LDs in goose follicle granulosa cells, offering 
detailed insights into the primary components of LDAPs. These 
foundational data serve as a valuable reference for future 
investigations into LDs in geese. Furthermore, we identified ACSL3, 
a crucial regulator of lipid metabolism in granulosa cells, and 
hypothesize that ACSL3 acts as a pivotal modulator of lipid 
variations in granulosa cells across different developmental stages. 
Specifically, in pre-hierarchical granulosa cells, fatty acids activated 
by ACSL3 are primarily oxidized and enter the TCA cycle to meet 
the energy demands of the cells. In contrast, in hierarchical 
granulosa cells, fatty acids activated by ACSL3 are utilized for the 
synthesis of TG and CE, further promoting the formation of LDs. 
This process leads to a significant increase in lipid deposition within 
hierarchical granulosa cells (Figure  6). However, the precise 
regulatory mechanisms underlying these processes remain to 
be elucidated (70).
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The normal development of the testis is essential for male reproduction, as it is 
the site of sperm production and a prerequisite for spermatogenesis. MiRNAs play 
crucial roles in various testicular biological processes, including cell proliferation, 
spermatogenesis, hormone secretion, metabolism, and reproductive regulation. 
In this study, we utilized deep sequencing data to analyze the expression patterns 
of small RNAs in testicular tissues of Southern × Hu sheep F1 hybrids at 0, 3, 6 
months, and 1 year of age, thereby exploring the functions of miRNAs in testicular 
development and spermatogenesis. A total of 787 known miRNAs and 415 novel 
miRNAs were identified. We identified 217, 254, 405, 130, 305, and 138 DE miRNAs 
in the testes of M0 vs. M3, M0 vs. M6, M0 vs. Y1, M3 vs. M6, M3 vs. Y1, and M6 
vs. Y1, respectively. GO annotation and KEGG pathway analysis of DE miRNA 
target genes revealed that target genes such as YAP1, ITGB1, DOT1L, SMAD4, and 
SOX9 may be involved in various biological processes, including reproductive 
pathways such as FOXO, Hippo, Wnt, cAMP, Rap1, and MAPK signaling pathways. 
The expression levels of 12 randomly selected miRNAs in testes at 0, 3, 6 months, 
and 1 year of age were detected by qRT-PCR, and the results were consistent with 
the sequencing data. This study characterized and investigated the differential 
expression of miRNAs in sheep testes at different developmental stages using deep 
sequencing technology. These findings will contribute to a deeper understanding 
of the functions of miRNAs in regulating testicular development and enhancing 
reproductive performance in male sheep.

KEYWORDS

testicular development, Southdown × Hu sheep hybrid F1 generation, microRNA, 
spermatogenesis, small RNA sequencing

Introduction

Hu sheep are mainly produced in Jiaxing and Taihu Lake regions of Zhejiang Province. As 
a unique breed of multi-parous sheep in our country, Hu sheep has many advantages such as 
perennial estrus, early sexual maturity, strong adaptability and suitability for crossing (1). The 
Southdown sheep, a short-wooled meat breed, is characterized by its dense, short, and light 
fleece, early maturity, ease of fattening, and tender meat, making it a preferred choice for 
crossbreeding sires (2). The enhancement of animal performance can be achieved through the 
introduction of breeds for crossbreeding improvement, a widely adopted strategy in animal 
production. Cross breeding can also combine the excellent characteristics of multiple varieties, 
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create new characteristics that the original parents do not have, and 
enhance the vitality of the offspring (3). The Southdown × Hu F1 
hybrids enhanced meat quality and increased lambing rates, retaining 
the high productivity of Hu sheep while inheriting the superior meat 
yield, quality, and rapid growth traits of Southdown sheep (4). As an 
important reproductive organ of male animals, the testis is mainly 
responsible for the production of sperm and androgens (5). Because 
normal testicular development is essential for breeding, studying 
testicular development in sheep is crucial for enhancing semen quality 
and increasing lamb production.

MicroRNA (miRNA) is a non-coding RNA between 18 and 24 
nucleotides in length, which controls post-transcriptional gene 
silencing by interacting with the 3′-untranslated region (3′-UTR) of 
target mRNA, stimulating mRNA degradation or blocking translation 
(6). In the past few decades, many studies have investigated miRNA 
expression profiles using microarray technology, small RNA 
sequencing and reported that many miRNAs are expressed in mouse 
and human germ cells. In mammals, miRNAs are key controllers of 
cell differentiation and function, mediate a variety of cellular processes, 
and play an indispensable role in testicular development and 
spermatogenesis (7). Substantial evidence indicates that microRNAs 
(miRNAs) play pivotal roles in various facets of reproductive 
physiology, encompassing testicular development, spermatogenesis, 
and the regulation of functional effects (8–10). In the study of miRNA 
in Tibetan sheep, 1,118 immune-related miRNAs were found and 
speculated to be  related to testicular development and meiosis in 
Tibetan sheep. Similarly, a recent study showed that miR-301b-3p and 
miR-3584-5p could promote the proliferation of rat immature 
testicular Sertoli cells by targeted inhibition of RASD1 gene expression 
(11). Yu et al. (12) found in mice that miR-34c could promote the 
differentiation and meiosis process of Spermatogonial stem cells 
(SSCs) by targeting Nanos2 gene and up-regulating the expression of 
meiosis-related genes Stra8 and Dazl. Smorag et al. (13) found that 
miR-34b-5p could regulate the meiotic process of mouse spermatocytes 
by targeting IGFBP2 gene. Overexpression of miR-10a in human and 
mouse testicular germ cells can target and inhibit the expression of 
Rad51 gene, leading to meiotic arrest and complete male infertility 
(14). Zhang et al. (15) found that miR-34b could target MAP2K1 (also 
known as MEK1) to induce apoptosis of bovine testicular Sertoli cells 
through MEK/ERK signaling pathway. However, miRNAs involved in 
testicular development and their underlying molecular mechanisms 
have not been identified in Southdown × Hu F1 hybrids.

In this study, we used deep sequencing technology to characterize 
and study the differential expression of miRNAs in the testis of sheep 
at different stages of development, understand the molecular 
regulation mechanism, and identify the key miRNA targets involved 
in sheep testicular development and spermatogenesis. This study will 
help to further understand the function of miRNA in sheep testicular 
development and to identify key miRNAs that enhance reproductive 
performance in male sheep in the future.

Materials and methods

Animals and sample preparation

Twelve healthy Southdown × Hu F1 sheep were castrated in 
Qinghuan Mutton Sheep Breeding Company in Gansu Province. The 

age of the sheep was obtained from sheep breeding records. There 
were 3 sheep at 0 months old (newborn, namely M0–1, M0–2, M0–3), 
3 sheep at 3 months old (sexually immature, namely M3–1, M3–2, 
M3–3), 3 sheep at 6 months old (sexually mature, namely M6–1, 
M6–2, M6–3), and 3 sheep at 1 year old (adult, namely Y1–1, Y1–2, 
Y1–3). We removed testes from 12 sheep after anesthesia and then 
stored them in an RNA/DNA sample protector (Servicebio, Wuhan, 
China). The testis of each sheep was dissected longitudinally, and the 
right testicular tissue of each sheep was collected, part of which was 
immediately frozen in liquid nitrogen and stored at −80°C for total 
RNA and protein extraction. The remaining portion will be fixed in a 
2.5% glutaraldehyde solution and subsequently processed for paraffin 
embedding and sectioning.

Small RNA library construction and 
sequencing

After total RNA was extracted by Trizol reagent kit (Invitrogen, 
Carlsbad, CA, United States), the RNA molecules in a size range of 
18–30 nt were enriched by polyacrylamide gelelectrophoresis (PAGE). 
Then the 3′ adapters were added and the 36–48 nt RNAs were 
enriched. The 5′ adapters were then ligated to the RNAs as well. The 
ligation products were reverse transcribed by PCR amplification and 
the 140–160 bp size PCR products were enriched to generate a cDNA 
library and sequenced using Illumina HiSeq Xten by Gene 
DenovoBiotechnology Co. (Guangzhou, China)

Bioinformatics analysis

Basic reads are converted to sequence raw data by base calling. 
Low-quality reads were filtered to remove reads containing 5′ primer 
contaminants and poly (A). Reads without 3′ adapters and insert tags, 
as well as Reads shorter than 15 nt or longer than 41 nt in the raw data, 
were filtered out to obtain clean Reads. For preliminary analysis, the 
length distribution of clean sequences in the reference genome was 
determined. Non-coding RNAs are labeled as RNAs, tRNAs, small 
nuclear RNAs (snRNAs), miRNA, gene, rep, miRNA and 
unannotation. These RNAs were aligned and subsequently Bowtie 
(16) searches were performed against Rfam v.10.11 (17). Known 
miRNAs were identified by aligning sequencing reads to the miRBase 
v22 database2 and the sheep reference genome (Qar Rambouillet v1.0). 
The known miRNA expression patterns in different samples were 
analyzed (18). Subsequently, the unannotated reads were analyzed by 
mirdeep2 to predict novel miRNAs (19). The hairpin structure of 
pre-miRNA and the miRBase database were used to identify the 
corresponding miRNA star sequence and miRNA mature sequence. 
The expression of known and novel miRNAs was analyzed using TPM 
(transcripts per million; miRNAs normalized by TPM) (20). 
Differential expression analysis of miRNAs between the two groups 
was performed using the DEG algorithm in the R package (21). The 
P- values were adjusted by the method of Benjamini and Hoch-berg 

1  http://www.sanger.a.uk/softare/Rfam

2  http://www.mirbase.org/
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to control the false discovery rate (FDR). Differentially expressed 
miRNAs were defined when the adjusted FDR was <0.05. In addition, 
we used the mean TPM value to calculate fold change (FC) between 
groups, defining up-regulated (log2FC ≥ 1) and down-regulated 
(log2FC ≤ 1) miRNAs, respectively. The target of DE miRNA was 
predicted using Miranda software with the following parameters: 
single residue pair matching score ≥ 150, ΔG ≤ −30 kcal/mol, and 
strict 5′ seed pairing required (22). Considering the hypergeometric 
distribution, R was used for Gene ontology (GO) enrichment and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis of DE miRNA-target-get genes (23–25).

Validation of RNA sequence data

Twelve known sheep miRNAs were randomly selected for 
analysis, and qRT-PCR was used to validate the RNA-seq data. Real-
time PCR was performed using a LightCycler 480 II real-time PCR 
apparatus (Roche, Swiss). Each sample was analyzed in triplicate. 
microRNA specific primer sequences were designed and synthesized 
in the laboratory by Qingdao Biotechnology Company based on 
microRNA sequences obtained from the miRBase database (Release 
20.0). Primer information is given in Supplementary Table S1.

Results

Overview of sequencing results

We used Illumina Hiseq 2500 sequencing to analyze small RNA 
populations in 12 libraries obtained from testis of 0-month-old (M0), 
3-month-old (M3), 6-month-old (M6), and 1-year-old (Y1) sheep. 
The results of miRNA sequence quality control are presented in 
Supplementary Table S2. A total of 157.27 Mb raw reads were 

obtained. After removing low-quality sequences, aptamers and 
discarding sequences shorter than 18 nt, 35.58 Mb, 32.67 Mb, 
34.01 Mb and 41.01 Mb clean reads were obtained from M0, M3, M6 
and Y1 libraries, respectively, for further analysis. 922,960, 1,780,035, 
3,372,847, and 4,070,428 unique srRNAs were extracted from M0, M3, 
M6, and Y1 testes and mapped to the sheep reference genome 
(Supplementary Table S3). All clean reads were aligned to the miRBase 
database and recorded as one of the known RNA categories based on 
their biogenesis and annotation (Figure 1A). As shown in Figure 1A, 
Y1(7.21%) accounted for the largest proportion of known miRNAs, 
while M0(6.56%) and M3(5.85%) accounted for the second, and 
M6(3.3%) accounted for the smallest. However, the highest proportion 
of unannotated small RNAs was found in the M6(96.13%) and 
Y1(91.89%) libraries, which represent other types of small RNAs such 
as piRNAs. A principal component analysis (PCA) of all mapped 
genes showed that M0, M3, M6, and Y1 group could be distinguished 
by part along the axis of the first principal component (Figure 1B). 
Analysis of the read length distribution of all small RNA libraries 
showed that the dominant length of small RNAs was 22 nt, accounting 
for at least 37.72% (Figure 1C).

Identification of known and novel miRNAs 
in sheep testes

To identify miRNAs in sheep testes, the sequences obtained after 
removal of small RNAs, including tRNA, snRNA, and rRNA, were 
compared with the miRBase database to obtain known miRNAs. 
Sequences that were not annotated into the miRBase database were 
predicted as novel miRNAs. A total of 787 known miRNAs and 415 
novel miRNAs were identified across the 12 libraries 
(Supplementary Table S4). The frequency of expression of each 
miRNA in the 12 libraries varied widely, ranging from a few to 
hundreds of thousands of sequence reads. The expression of these 

FIGURE 1

Identification and classification of miRNA in sheep testis. (A) Total number of unique sequences in libraries M0, M3, M6, and Y1. (B) PCA analysis of all 
mapped genes in M0, M3, M6, and Y1 groups. (C) Length distribution and abundance of sequences in the M0, M3, M6, and Y1 libraries.
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novel miRNAs was very low, ranging from 18 to 25 nt in length with 
a distribution peak of 22 nt. Overall, the expression of most known 
miRNAs was highest in the testis of 3-month-old sheep, followed by 
6-month-old and finally 0-month-old sheep (Figure 2A). The most 
highly expressed members in all libraries were members of the 
mir-199-x, mir-125-x, miR-99-z, miR-151-x, and miR-202-x families, 
each with more than 100,000 reads.

Differential expression of miRNAs in sheep 
testis tissue

Using the differential expression genes (DEGs) algorithm from 
an R package, the transcriptional changes of microRNAs (miRNAs) 
during sheep testis development were analyzed. Comparisons of 
miRNA expression profiles between different libraries were 
presented in Supplementary Tables S5–S10, visualized through 
scatter plots. Additionally, a scatter plot illustrated the pattern of 
DE miRNAs among all control groups, revealing that only 138 DE 
miRNAs were identified between M6 and Y1 testes, albeit with low 
expression levels (Figure 2B). Between M0 and M3, a total of 217 
DE miRNAs were identified, with 139 upregulated and 78 
downregulated. Between M0 and M6, 254 DE miRNAs were found, 

comprising 205 upregulated and 49 downregulated. From M0 to Y1, 
a remarkable change of 405 DE miRNAs was observed, with 319 
upregulated and 86 downregulated. During the transition from M3 
to M6, 130 DE miRNAs were identified, of which 97 were 
upregulated and 33 were downregulated. Lastly, between M3 and 
Y1, 305 DE miRNAs were detected, with 236 upregulated and 69 
downregulated (Figure 2C).

Prediction of target genes for DE miRNAs

Using the Miranda software, the target genes of miRNAs were 
predicted. Subsequently, the potential functional roles of these 
differentially expressed miRNAs were investigated. Potential targets 
for the differentially expressed miRNAs were screened based on 
criteria of a minimum single-residue pair total match score of ≥150 
and a total energy of ≤ − 30 kcal/mol. Among the 217, 254, 405, 130, 
305, and 138 miRNAs identified between M0 vs. M3, M0 vs. M6, M0 
vs. Y1, M3 vs. M6, M3 vs. Y1, and M6 vs. Y1, respectively, 5,233, 
8,769, 23,588, 696, 8,021, and 180 targets were predicted in 885, 
1,679, 2,679, 388, 2006, and 171 target genes, respectively. For the 
majority of differentially expressed miRNAs, multiple distinct target 
genes were present; however, for some differentially expressed 

FIGURE 2

Comparative analysis of testicular miRNAs in sheep at different developmental stages. (A) miRNA expression levels in testis of 0, 3, 6 months and 1 year 
old sheep. (B) Barplot showing the number of up-and down-regulated DE miRNAs. (C) Scatter plot for differential comparison of miRNAs between 
pairs of groups; red, green, and blue dots indicate significantly up-regulated, down-regulated, and unchanged transcripts, respectively.
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miRNAs, only a single target gene was identified. Additionally, 
certain target genes were targeted by multiple differentially expressed 
miRNAs. For instance, oar-miR-431 was predicted to target 914 
genes, miR-199-y was predicted to target 1,510 genes, while BMP4 
was uniquely targeted by miR-142-y.

GO enrichment and KEGG pathway 
analysis of target genes

To gain a deeper understanding of the functions of DE miRNAs 
in sheep testis development, we performed Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses on the candidate target genes of all DE 
miRNAs. The GO analysis results are presented in Figure 3. Between 
M0 and M3, target genes were significantly enriched in categories 
such as animal organ development, cell morphogenesis, cell part 
morphogenesis, and Rab GTPase binding (Figure 3A). Between M0 
and M6, target genes were significantly enriched in regulation of 
cellular biosynthetic process, dendrite morphogenesis, tube 
development, organ morphogenesis, and cell–cell adherens junction 
(Figure  3B). Between M0 and Y1, target genes were notably 

enriched in reproductive process, apical junction complex, apical 
plasma membrane, and ATP binding (Figure 3D). Between M3 and 
M6, target genes were significantly enriched in cell differentiation, 
cell morphogenesis involved in differentiation, Wnt signaling 
pathway, and apical junction complex (Figure 3C). Between M3 and 
Y1, target genes were enriched in tube morphogenesis, regulation 
of organelle organization, plasma membrane, Golgi complex, and 
microtubule binding (Figure 3F). Lastly, between M6 and Y1, target 
genes were significantly enriched in cell migration, dendrite 
morphogenesis, organ morphogenesis, and cell–cell junction 
organization (Figure 3E).

KEGG Pathway Annotation identified significant enrichment 
of target genes of DE miRNAs in various comparisons. In M0 vs. 
M3, 30 pathways were enriched, including the Ras, MAPK, Rap1, 
cAMP, and Notch signaling pathways (Figure  4A). Four key 
pathways related to testis development were cAMP, MAPK, PI3K-
Akt, and Wnt signaling. In M0 vs. M6, target genes were enriched 
in 30 pathways, such as adherens junction, tight junction, 
spinocerebellar ataxia, phospholipase D signaling, and endocytosis 
(Figure  4B). Four testis development-related pathways were 
MAPK, cAMP, FOXO, and GnRH signaling pathways. Between 
M3 and M6, 30 pathways were enriched, including Notch, Ras, 

FIGURE 3

GO enrichment analysis of target genes of differentially expressed miRNAs. (A) M0 vs M3; (B) M0 vs M6; (C) M3 vs M6; (D) M0 vs Y1; (E) M6 vs Y1; (F) M3 
vs Y1; M0 represents 0 months of age, M3 represents 3 months of age, M6 represents 6 months of age, and Y1 represents 1 year of age.
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thyroid hormone, and ErbB signaling (Figure  4C). Five key 
pathways were Notch, ErbB, endocytosis, Ras, and thyroid 
hormone signaling.

In M0 vs. Y1, 49 pathways were enriched, including Notch, Ras, 
thyroid hormone, and ErbB signaling (Figure  4D). Five testis 
development-related pathways were FOXO, ErbB, endocytosis, Ras, 
and thyroid hormone signaling. Between M6 and Y1, 30 pathways 
were enriched, such as Hippo, adherens junction, cAMP, Notch, and 
Ras signaling (Figure  4E). Five key pathways were Notch, Hippo, 
cAMP, endocytosis, and FOXO signaling. Similarly, in M3 vs. Y1, 30 
pathways were enriched, including tight junction, endocytosis, Ras, 
adherens junction, and spinocerebellar ataxia (Figure 4F). Four testis 

development-related pathways were Ras, MAPK, and cAMP signaling 
(Figure 5).

Cluster analysis of miRNA co-expression

We performed co-expression cluster analysis of the differentially 
expressed miRNAs screened from each comparison group and 
screened the top 5 miRNAs with degree values. After comparison, the 
number of miRNA target genes in M0 vs. M3 group, M0 vs. Y1 group 
and M0 vs. M6 group was higher than that in other groups. Notably, 
oar-miR-29b, oar-miR-143, oar-miR-370-3p, oar-miR-19b, 

FIGURE 4

KEGG analysis of target genes of differentially expressed miRNAs. (A) M0 vs M3; (B) M0 vs M6; (C) M3 vs M6; (D) M0 vs Y1; (E) M6 vs Y1; (F) M3 vs Y1; 
M0 represents 0 months of age, M3 represents 3 months of age, M6 represents 6 months of age, and Y1 represents 1 year of age.
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oar-miR-432, and oar-miR-29b were repeated for different times in 
the 6 comparison groups. TGF family genes related to testicular 
development were all regulated by differential miRNAs in the five 
comparison groups (Figure 5).

Quantitative RT-PCR validation

Randomly selected 12 known sheep miRNAs, including oar-miR-
152, oar-miR-10b, oar-miR-21, oar-miR-22-3p, oar-miR-25, 
oar-miR-99a, oar-miR-379-3p, oar-miR-409-5p, oar-miR-1179, 
oar-miR-132, oar-miR-374a, and oar-miR-28-y, were used to validate 
the RNA-seq data. As shown in Figure  6, the qRT-PCR results 
exhibited similar expression trends compared to the small 
RNA-seq results.

Discussion

The production of sperm and androgens is the primary function 
of the testis, both of which play a vital role in the entire reproductive 
system. The differentiation of somatic cells into Sertoli cells initiates 
male-specific development and guides the development of germ cells 
toward the spermatogenic lineage (26). Consequently, testicular 
development and spermatogenesis are crucial processes that affect the 
reproductive efficiency of male sheep. Additionally, several functional 

genes have been reported to regulate testicular development and 
spermatogenesis in sheep (27–29). Recently, miRNAs have been found 
to regulate biological processes by inhibiting the translation or 
degradation of target mRNAs (30–32). Since the discovery of miRNAs 
and their role in gene expression regulation, numerous studies have 
delved into their involvement in testicular hormone synthesis, cell 
proliferation, meiosis of haploid spermatocytes, and spermatogenesis 
(33–35). However, only a few studies have characterized the miRNAs 
involved in testicular development during early puberty in sheep. In 
this study, we employed Illumina Solexa technology to sequence small 
RNAs in testicular tissues from 0-month, 3-month, 6-month, and 
1-year-old male sheep, analyzed DE miRNAs, predicted novel 
miRNAs, and conducted GO enrichment and KEGG pathway analyses 
of target genes across four miRNA libraries.

The dynamic testicular development of male sheep at 0-month, 
3-month, 6-month, and 1-year-old corresponds to the neonatal, 
pre-pubertal, pubertal, and adult stages, respectively. By comparing 
the reference genome, we identified 217, 254, 405, 130, 205, and 138 
known DE miRNAs in comparisons between M0 vs. M3, M0 vs. M6, 
M0 vs. Y1, M3 vs. M6, M3 vs. Y1, and M6 vs. Y1, respectively. Notably, 
more novel DE miRNAs were identified compared to known DE 
sheep miRNAs, contributing to the identification of key miRNAs in 
sheep testicular development and enriching the sheep miRBase 
database. Previous studies have reported that miR-34c, miR-21, and 
miR-499b regulate the reproductive performance of male mammals, 
including promoting spermatogonial meiosis, inhibiting Sertoli cell 

FIGURE 5

Cluster analysis of differential miRNA co-expression in pairwise comparison groups. (A) M0 vs M3; (B) M0 vs M6; (C) M0 vs Y1; (D) M3 vs M6; (E) M3 vs 
Y1; (F) M6 vs Y1; M0 represents 0 months of age, M3 represents 3 months of age, M6 represents 6 months of age, and Y1 represents 1 year of age.
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apoptosis, and maintaining the necessary germ cell population of 
spermatogonial stem cells (SSCs) (36–38). In our study, miR-34c, 
miR-21, and miR-499b showed significantly higher expression in the 
Y1 group compared to the M6 group, suggesting their potential 
involvement in sheep testicular development. Additionally, miR-31-5p 
downregulation has been detected in the miRNA profiles of seminal 
exosomes from patients with asthenozoospermia and azoospermia 
(39) and in non-obstructive azoospermia testes (40), indicating its 
potential as a predictive marker for azoospermia. Accordingly, 
miR-155 targets genes involved in MAPK and Wnt signaling pathways, 
affecting sperm motility (41). Overexpression of miR-10a in testicular 
germ cells of humans and mice can target and inhibit Rad51 gene 
expression, leading to meiotic arrest and complete male infertility 
(42). Similarly, these miRNAs may be associated with sheep testicular 
development, albeit their specific functions in sheep testes require 
further exploration and validation.

GO annotation and KEGG pathway analysis can provide a 
detailed and comprehensive understanding of the functions of DE 
miRNA target genes from the aspects of cellular components, 
biological processes, molecular functions and related pathways. GO 
and KEGG analyses showed that the target genes of DE miRNAs were 
involved in different biological processes, including growth and 
development, reproduction, cell proliferation, hormone secretion, and 
several other metabolic processes. Interestingly, the cAMP, Hippo, 
MAPK, Wnt, and FOXO signaling pathways are widely recognized to 
regulate reproduction.

FOXO1 is mainly expressed in Sertoli cells (43), while FOXO3a is 
expressed in other cells of the testis, such as Leydig cells (44). This cell 
type specificity allows FOXO family members to regulate the 

development and function of different cell types in the testis. FOXO 
further regulates testicular development by promoting gonadotropin 
secretion and testosterone synthesis. The most multifunctional miRNAs 
controlling target genes in FOXO signaling pathways included 
oar-miR-19b, oar-miR-200a, oar-miR-369-3p, oar-miR-200b, and 
oar-miR-493-5p. Each of them regulates key genes in the FOXO signaling 
pathway such as FOXO1 and FOXO6. The PI3K-Akt signaling pathway 
directly or indirectly maintains and promotes spermatogenesis by 
regulating the proliferation, survival, and anti-apoptosis of immature 
Sertoli cells, mature Sertoli cells, spermatogonial stem cells, and 
spermatogenic cells (45). In PI3K-Akt signaling pathway, oar-miR-
1197-3p, oar-miR-136, oar-miR-199a-3p, oar-miR-410-5p, oar-miR-432 
targeted WT1 gene regulation, WT1 can not only activate PI3K/Akt and 
other pathways to inhibit apoptosis, but also plays a crucial role in the 
assembly and maintenance of fetal testicular cords (46). The Wnt 
pathway affects the production and maturation of spermatogenic cells by 
regulating cell proliferation and differentiation. Studies have shown that 
abnormal activation or inhibition of Wnt may affect the normal 
proliferation and differentiation process of testicular cells, which in turn 
affects sperm production (47). As a key gene in this pathway, DOT1L is 
co-targeted by DE miRNAs such as oar-let-7f and oar-miR-22-3p. 
DOT1L promotes SSCs self-renewal by catalyzing Histone H3 lysine 79 
methylation (H3K79me). It is essential for the maintenance of 
spermatogenesis (48). The expression of oar-miR-22-3p was found to 
be significantly changed from M0 to Y1, suggesting that oar-miR-22-3p 
plays an important role in spermatogenesis and testicular development 
in sheep. Evidence accumulated over the past few years has highlighted 
the major functions of MAPK, AMPK, and cAMP signaling pathways 
during spermatogenesis, with MAPK signaling regulating germ cell 

FIGURE 6

Validation of the expression of differentially expressed miRNAs by qRT-PCR. The blue bar graph represents RT-qPCR, the red broken line represents 
RNA-seq, the left ordinate is PCR Expression, and the right ordinate is RNA-seq.
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proliferation, meiosis, and Sertoli cell proliferation (49). In addition, the 
AMPK and FOXO signaling pathways influence the proliferation of 
Sertoli cells (50). Among the MAPK, cAMP, PI3K-Akt, FOXO, Wnt, and 
AMPK pathways, oar-miR-133, oar-miR-1197-3p, oar-miR-758-3pr, and 
oar-let-7f are the most potent miRNAs that regulate multiple genes 
within various testicular development and spermatogenesis-related 
pathways. Each of these miRNAs plays a crucial role in modulating 
diverse targets in these signaling cascades. In this study, the 
downregulation of oar-miR-26a, oar-miR-99a, and oar-miR-148a during 
the development of sheep testes from neonatal to adult stages suggests 
their significant contribution to promoting testicular development and 
spermatogenesis in sheep.

Conclusion

In summary, we have characterized the miRNA transcriptome 
across four testicular developmental stages, from birth to adulthood, 
in the F1 offspring of a cross between Southdown sheep and Hu 
sheep. A total of 788 known miRNAs and 415 novel miRNAs were 
identified across the 12 libraries. GO and KEGG pathway analyses of 
all DE miRNA targets in the libraries revealed significant enrichment 
in MAPK signaling pathway, Rap1 signaling pathway, Wnt signaling 
pathway, and FOXO signaling pathway. We believe these results will 
contribute to a deeper understanding of the roles of miRNAs in sheep 
testicular development and potentially facilitate the discovery of 
miRNAs to enhance the reproductive performance of male sheep in 
the future.
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Proteomic analysis of Toraya 
buffalo seminal plasma and 
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Jakaria Jakaria 4 and Asep Gunawan 4*
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Bogor, Indonesia, 2 Research Center for Applied Zoology, National Research and Innovation Agency, 
Bogor, Indonesia, 3 Division of Veterinary Reproduction and Obstetrics, School of Veterinary Medicine 
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The characterization of sperm and seminal plasma proteins is essential for 
understanding bull fertility and optimizing reproductive success in buffalo bulls. 
Despite its importance, the reproductive proteomic of Toraya buffalo, an indigenous 
breed in Indonesia, remains largely unexplored. This study aimed to examine the 
seminal plasma and sperm proteins of Toraya buffalo to uncover those critical for 
reproductive functions. Semen samples were collected from eight Toraya buffalo 
bulls aged 4 to 10 years. Protein profiling was performed using one-dimensional 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (1D-SDS-PAGE), followed 
by in-gel digestion and liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis. Bioinformatics tools, including UniProt, PANTHER, DAVID, and 
STRING, were utilized to identify and annotate the detected proteins. This study 
successfully identified four key reproductive proteins: ADAM32 in seminal plasma 
and ZPBP, SPACA3, and CCDC136 in sperm. These proteins are essential for 
sperm motility, energy production, and acrosome formation, which are critical 
processes for fertilization. Additionally, many identified proteins were associated 
with metabolic pathways, particularly the tricarboxylic acid (TCA) cycle, which 
plays a fundamental role in energy supply for sperm function. In conclusion, this 
study offers the first comprehensive proteomic identification of seminal plasma 
and sperm proteins associated with reproductive functions in the Toraya buffalo. 
The findings highlight the presence of key proteins in sperm, including ZPBP, 
SPACA3, and CCDC136, as well as the identification of ADAM32 in seminal plasma, 
contributing to a deeper understanding of buffalo reproductive biology.

KEYWORDS

proteome, seminal plasma, sperm, TCA cycle, Toraya buffalo

1 Introduction

The Toraya buffalo is an indigenous breed from Indonesia that plays a vital role in the 
agricultural and livestock systems of the region, particularly in Sulawesi (1). The breeding 
outcome of these buffaloes is essential for the efficiency and continuity of the livestock industry 
and local culture. In spite of their significance, issues concerning fertility and reproductive 
health are prevalent, underscoring the necessity for scientific methods to enhance breeding 
effectiveness and reproductive results.
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Seminal plasma, a complex secretion from the testes, accessory sex 
glands, and epididymis, is essential for sperm fertility. It plays a critical 
role in sperm maturation, motility acquisition, capacitation, and the 
acrosome reaction (2). Sperm development is a complex process 
involving the proliferation and differentiation of male germ cells, with 
mature sperm undergoing final maturation and acquiring motility in 
the epididymis (3) Poor semen quality, particularly low sperm motility, 
is a primary indicator of this reproductive inefficiency and may 
be linked to an inadequate seminal microenvironment. Brohi et al. (4) 
reported, male infertility is a significant challenge, with underlying 
mechanisms that remain poorly understood.

Due to the essential function of proteins in these reproductive 
processes, comprehensive and systematic identification of sperm and 
seminal plasma proteins is vital for gaining new insights into sperm 
development, male fertility, and infertility. Proteomic analyses of 
sperm and seminal plasma have been conducted in various domestic 
animals, including buffalo (3, 5, 6), cattle (7–11), stallion (12) and 
sheep (13). To investigate the proteins involved in sperm 
development, we  conducted an integrated proteomic study on 
buffalo sperm and seminal plasma. This approach enables the 
identification and characterization of key proteins that regulate 
sperm maturation, motility, and fertilization, offering insights into 
their roles in reproductive health. Understanding the protein profiles 
in sperm and seminal plasma is crucial, as variations can significantly 
impact fertility.

A comprehensive proteomic analysis by Gomes et  al. (11) 
identified several key proteins in bovine seminal plasma, including 
BSPs (BSP1, BSP5, BSP3), spermadhesins, clusterin, osteopontin, and 
metalloproteinase inhibitor2. Similarly, Ashwita et al. (14) reported, 
proteomic profiling of spermatozoa and seminal plasma in Bos indicus 
bulls revealed proteins linked to semen quality, such as those involved 
in sperm protection, capacitation, and the acrosome reaction. These 
findings underscore the importance of identifying and characterizing 
proteins in sperm and seminal plasma, as their roles are critical to 
understanding and improving reproductive health and fertility 
outcomes. Despite their adaptability to hot and humid tropical 
climates, buffaloes exhibit low reproductive efficiency, a common issue 
among buffalo breeds (3).

By exploring the proteomic profiles of Toraya buffalo sperm and 
seminal plasma, this research represents a pioneering effort utilizing 
omics technology for the conservation of this important breed, which 
plays a crucial role in food security and local culture. The study aims 
to uncover valuable insights that can enhance reproductive 
biotechnology, optimize reproductive success, and characterize 
reproductive function proteins in the seminal plasma and sperm of 
Toraya buffalo through proteomic analysis.

2 Materials and methods

2.1 Experimental design and animal

The semen used in this study was collected from eight Toraya 
buffalo bulls, an endemic species native to Tanah Toraja Regency, 
South Sulawesi, Indonesia. The bulls were aged between four and 
ten years, with an average body weight of 400–600 kg. The 
experimental design and animal models used in this study were 
approved by the Animal Ethics Committee of the National Agency 

for Research and Innovation under certificate number 050/KE.02/
SK/03/2023.

2.2 Semen collection and protein 
extraction

Semen samples were collected using an artificial vagina, a method 
that minimizes physiological alterations in the animals. The collection 
was conducted by experienced technicians to ensure proper handling 
and to maintain semen quality. Immediately after collection, semen 
quality was assessed through both macroscopic and microscopic 
evaluations. Only bulls with sperm motility exceeding 70% and a 
sperm concentration greater than 800 × 10⁶ cells/mL were included in 
this study, following the Indonesian National Standard (SNI) for fresh 
semen (15). Due to the exploratory nature of this study and time 
constraints, semen collection was performed only once. Toraya buffalo 
is a unique species indigenous to Toraja Regency, and semen collection 
required approval from the owners or local community leaders. These 
factors made repeated collection unfeasible, and thus, a single 
collection was performed for the purposes of this initial investigation.

2.3 Protein extraction and protein 
molecular weight analysis using 1D 
SDS-Page

The semen was then centrifuged at 6500 rpm, 4°C for 30 min to 
separate the sperm from the seminal plasma. The supernatant 
(seminal plasma) and the pellet (sperm) were carefully collected and 
stored at −20°C for subsequent analysis. The sperm pellets were 
extracted using PRO-PREPTM Protein Extraction Solution (iNtRON 
Biotechnology, Korea) according to the manufacturer’s instructions. 
A total of 400 μL of PRO-PREP solution was added to the sperm pellet 
and incubated at −20°C for 20 min. The mixture was then centrifuged 
at 13,000 rpm (4°C) for 5 min, and the supernatant was transferred 
into a sterile tube. The total soluble protein concentration of the 
seminal plasma and sperm samples was measured prior to SDS-PAGE 
analysis using the bicinchoninic acid (BCA) protein assay method 
(Thermo Scientific™, United States).

SDS-Page analysis was performed to determine the protein profile 
based on molecular weight, depicted in the form of bands on the gel. 
Protein separation was performed using SurePAGE™, Bis-Tris, 
10 cm × 8 cm, 12 wells, 4–20% gradient gel (M00656; GenScript) 
(SurePAGE, GenScript Biotech Corp., Hong Kong), with running 
buffer Tris-MOPS-SDS (M00138; GenScript). Electrophoresis was 
performed at a voltage of 200 V and a current of 100–120 mA for 
50 min. The gel was then stained using Coomassie Brilliant Blue stain 
(R-250; Bio-Rad, United States). The marker used was the Broad Multi 
Color Pre-Stained Protein Standard (M00624; GenScript) with a 
molecular weight range of ~5–270 kDa.

2.4 In gel tryptic digestion dan peptide 
clean up

The protein bands are excised into 1 mm × 1 mm pieces from an 
acrylamide gel and placed in sterile microcentrifuge tubes. Dye 
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removal is achieved by adding 200 μL of a destaining solution (80 mg 
ammonium bicarbonate in 20 mL ACN and 20 mL ultrapure water) 
and incubating at 37°C for 30 min with gentle agitation, repeating the 
process once more. Cysteine groups are reduced by adding 30 μL of 
reduction solution (3.3 μL TCEP in 30 μL digestion buffer) and 
incubating at 60°C for 10 min. After discarding the reduction solution, 
alkylation is performed by adding 30 μL of alkylation solution 
(iodoacetamide in digestion buffer) and incubating for 1 h at room 
temperature in the dark. The gel pieces are then washed twice with 
200 μL destaining solution at 37°C for 15 min. For digestion, 50 μL of 
ACN is added to dry the gel pieces for 15 min, followed by a 5–10 min 
air dry. Then, 10 μL of active trypsin solution (10 ng/μL) is added, 
incubated for 15 min, and then 25 μL digestion buffer is added for a 
4 h incubation at 37°C or overnight at 30°C with agitation. The 
digestion is stopped by adding 10 μL of 1% TFA or formic acid and 
incubating for 5 min. Peptide purification is performed using Pierce 
C18 Spin Columns, first activating the resin with 200 μL of 50% ACN 
and equilibrating with 200 μL of 0.5% TFA in 5% ACN. A 150 μL 
sample is added, followed by centrifugation at 1500 g for 5 min to 
allow peptides to bind. The column is washed with 200 μL 
equilibration buffer and centrifuged, and peptides are eluted with 
20 μL of 70% ACN. Eluted peptides are dried in a vacuum centrifuge 
(SpeedVac) and ready for LC–MS/MS analysis.

2.5 Peptide fractionation and LC–MS/MS 
analysis

The dried peptide sample was dissolved in 50 μL of a dissolving 
solution consisting of 2% ACN, 98% ultrapure water, and 0.1% formic 
acid. After that, the peptide sample was centrifuged at 12,000 rpm for 
10 min. Next, 2.5 μL of the peptide was fractionated using the Nano 
LC Ultimate 3,000 Series System Tandem Q Exactive Plus Orbitrap 
HRMS (Thermo Scientific). The trap column used had a diameter of 
30 μm and a length of 5 mm (Thermo Scientific™ 164,649), combined 
with a PepMap RSLC C18 capillary column (75 μm inner diameter X 
15 cm, 3 μm particle size, 100 pore size, part number ES 800, Thermo 
Scientific) and a flow rate of 300 nL/min. The eluents used were 
H2O + 0.1% formic acid and Acetonitrile (A) + 0.1% formic acid (B). 
The elution process involved a gradient from 2 to 35% solvent B over 
27 min, followed by a gradient from 35 to 99% solvent B over 10 min, 
then 99% solvent B for 15 min, and finally 2% solvent B for 30 min. 
Signal peptide was obtained using the LTQ-Orbitrap mass 
spectrometer (Thermo Scientific, Bremen, Germany) with a mass 
range of 200–2000 m/z.

2.6 Database analysis, protein classification, 
and bioinformatics

The data obtained from the LC–MS/MS instrument were analyzed 
using Proteome Discoverer 2.2 software with the Sequest HT search 
engine (16). The analysis was performed using the Bos taurus 
proteome database available at UniProt,1 applying false discovery rates 

1  https://www.uniprot.org/proteomes/

of 1% (strict) and 5% (relaxed). The theoretical isoelectric point (pI) 
was calculated based on the amino acid sequences present in the 
database. The HT score, representing the sum of all Xcorr peptide 
values exceeding the defined threshold, was used for protein 
identification, Xcorr (cross-correlation) is a metric used to assess the 
alignment between experimentally derived peptide fragments and the 
theoretical spectrum, which consists of a series of b and y ions. 
Proteins were required to have an HT sequence score greater than 1 
and at least two unique peptides, with a mass tolerance of 10 ppm. To 
further analyze the functions of the identified proteins, the PANTHER 
classification system2 and the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) v6.83 were utilized. Venn analysis 
for group comparisons was conducted using the web-based tool 
available at https://bioinformatics.psb.ugent.be/webtools/Venn/. 
Additionally, protein–protein interactions were analyzed using 
STRING version 11.0.4

3 Results

3.1 Profiling and distribution of proteins in 
seminal plasma and sperm

The LC–MS/MS analysis, processed using Proteome Discoverer 
2.2 software, identified a total of 1,893 proteins in seminal plasma 
and 1,913 proteins in sperm from eight Toraya buffalo bulls 
(Table 1). Protein identification in sperm and seminal plasma was 
based on the Xcorr value of peptides exceeding the predefined 
threshold (Sequest HT score). The most abundant proteins identified 
in sperm (Table 2) were TUBB4B (139.6), ATP5F1B (114.72), CCIN 
(72.62), RAB2A (67.07), and GAPDHS (69.27). In seminal plasma 
(Table 2), the five most abundant proteins were CLU (513.38), ALB 
(229.36), HSP90AA1 (161.9), A2M (127.57), and GPI (116.61) 
(Figure 1).

Venn diagram analysis using Venny software (Figure 2) revealed 
that 37 proteins (6.9%) were expressed in both seminal plasma and 
sperm, while 274 proteins (51.3%) were uniquely expressed in 
seminal plasma and 223 proteins (41.8%) were uniquely expressed in 
sperm. The distribution of the proteome in seminal plasma and 
sperm of Toraya buffalo is illustrated in Figure 2, based on molecular 
weight (kDa), isoelectric point (pI), and the number of unique 
peptides. The highest proportion of proteins in both seminal plasma 
and sperm was observed within the molecular weight range of 

2  http://pantherdb.org/

3  https://david.ncifcrf.gov/home.jsp

4  https://version-11-0.string-db.org/

TABLE 1  Number of identified seminal plasma and sperm proteins of 
Toraya buffalo.

Protein Toraya buffalo (n = 8)

Seminal plasma Sperm

Proteome discover 2.2 1893 1913

Selection results 311 260

Proteome discover 2.2: expressed proteins from software analysis; Selection result: proteins 
that have been selected from protein duplication, unique protein ≥ 2, HT > 1.
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41–60 kDa, while the lowest was detected at molecular weights 
≤10 kDa and ≥ 200 kDa.

When analyzed based on isoelectric point (pI), seminal plasma 
proteins were most abundant within the pI range of 6–7, with the 
lowest abundance at pI values ≥11. In contrast, sperm proteins were 
predominantly found within the pI range of 8–9, with the lowest 
abundance at pI values ≥11 (Figures 3A,B).

Regarding the number of unique peptides, the highest proportion 
was observed in proteins with a single unique peptide, comprising 275 
proteins (46.93%) in seminal plasma and 260 proteins (50.10%) in 
sperm. Conversely, proteins with 10 unique peptides were the least 
represented, with only 5 proteins (0.85%) in seminal plasma and 2 
proteins (0.39%) in sperm (Figures  3C,D). Additionally, several 
proteins containing more than 14 unique peptides were identified, 
including Tubulin beta-4B chain (Q3MHM5), ATP synthase subunit 
beta (A0A452DII8), and Calicin (Q28068) in sperm, as well as 

Alpha-2-macroglobulin (Q7SIH1), Cullin-associated NEDD8-
dissociated protein (A0A6P5BT66), and Heat shock protein 
HSP 90-alpha (A0A4W2G0N7) in seminal plasma.

3.2 Gene ontology analysis of the proteins

The classification of proteins from PANTHER GO analysis of 
seminal plasma and sperm in Toraya buffalo revealed that there 
were proteins that remained unclassified or did not have any 
assigned category. This could be  due to the limitations of the 
buffalo database, which still follows the Bos taurus database. 
Biological processes based on GO analysis revealed that cellular 
process (GO:0009987) and metabolic process (GO:0008152) were 
the most dominant in the seminal plasma and sperm of Toraya 
buffalo. The seminal plasma proteins were associated with 

FIGURE 1

Scheme of proteomic analysis of Toraya buffalo seminal plasma and sperm.

TABLE 2  Summary of high abundant proteins in sperm and seminal plasma.

Protein name Xcorr value Gene name Uniprot-ID Molecular function

Sperm

Tubulin beta-4B 139.96 TUBB4B Q3MHM5 Major constituent of microtubules

ATP synthase subunit beta 114.72 ATP5F1B A0A452DII8 Mitochondrial membrane ATP synthase

Calicin 72.62 CCIN Q28068 Possible morphogenic cytoskeletal

GADPH 69.27 GAPDHS A0A4W2CEF3 Energy production during spermatogenesis

Ras-related protein Rab-2A 67.07 RAB2A A0A4W2I9W7 Vesicle transport leading to acrosome formation

Seminal plasma

Clusterin 513.38 CLU A0A4W2D277 Prevents aggregation of nonnative proteins

Albumin 229.36 ALB A0A4W2D8T3 Main protein of plasma

HSP 90-alpha 161.9 HSP90AA1 A0A4W2G0N7 Key role in the cellular response to stress

Alpha-2-macroglobulin 127.57 A2M Q7SIH1 Regulate immune responses

Glucose-6-phosphate isomerase 116.61 GPI A0A4W2CDD2 Providing the energy
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FIGURE 2

Venn diagram of proteins from Toraya buffalo seminal plasma and sperm.

FIGURE 3

Distribution of identified proteins in Toraya buffalo sperm and seminal plasma. (A) molecular weight, (B) isoelectric point (pI), (C) number of unique 
peptides, (D) and sequest HT score.
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reproduction (GO:0000003) and reproductive processes 
(GO:0022414), including ADAM32 (A0A3Q1LZ36), while the 
sperm proteins included ZPBP (F1N369), SPACA3 (A6QQ77), 
and CCDC136 (F1N343) (Figure 4A). The predominant molecular 
functions identified in seminal plasma were binding (GO:0005488) 
and catalytic activity (GO:0003824), as shown in Figure  4B.  
Additionally, the most dominant cellular component in both 
seminal plasma and sperm was the cellular anatomical entity 
(GO:0110165), as depicted in Figure 4C.

3.3 Seminal plasma and sperm protein 
interaction and pathway enrichment 
analysis

STRING analysis of expressed proteins related to reproductive 
function (GO:0000003) and reproductive process (GO:0022414) in 
seminal plasma (Figure 5A) showed that ADAM32 protein interacted 
with HTRA4, PLEKHA2, STXBP4, TUBGCP5, IQCG, AMER3, 
PRSS54, TEX55, SPATA21, and LSM1 proteins. The interaction 

between ZPBP proteins and other proteins is essential for 
spermatogenesis and sperm function. The proteins that interact with 
ZPBP include ACRBP, SSMEM1, SPATA48, TSACC, ARMH4, SPA17, 
TEX30, ROPN1, and SPACA1. These interactions indicate that ZPBPs 
have a central role in the protein network involved in zona pellucida 
binding during fertilization, as well as in different aspects of sperm 
development and function (Figure 5B).

The SPACA3 protein interacts with several other proteins that are 
crucial for spermatogenesis and sperm function. These proteins 
include IZUMO4, ACRBP, SPACA1, IZUMO1, TMEM190, IZUMO2, 
TSGA10, TCEA2, PRM3, and SPAG11B (Figure 5C). Furthermore, 
the proteins that interact with CCDC136  in this network are 
CCDC184, CCDC7, PROCA1, DHRS7B, ALMS1, FAM205A, 
FAM71B, NT5C1B, ESR2, and CCDC151. The CCDC136 protein as 
a central node, likely played a significant role in regulating cellular 
functions and participating in various biochemical pathways and 
biological processes (Figure 5D).

STRING analysis was conducted on sperm proteins that are 
related to reproduction (Table 3). The ZPBP protein plays a crucial 
role in processes like acrosome assembly and spermatid development. 

FIGURE 4

Comparison of proteins involved in (A) biological processes, (B) molecular functions, (C) and cellular components, in seminal plasma and sperm of 
Toraya buffalo.
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In the case of acrosome assembly (GO:0001675), ZPBP is one of three 
out of twenty proteins involved, with a very low false discovery rate 
(FDR) of 0.0021, indicating its high significance. ZPBP is also 
associated with sexual reproduction and acrosomal vesicles. The 
counts and FDR values further highlight its significant role in 
relevant networks.

Similarly, SPACA3 protein is involved in various reproductive 
processes and cellular components. For example, in the context of 
multicellular organism reproduction (GO:0032504), SPACA3 interacts 
with proteins such as IZUMO1 and ACRBP, and it is present in 6 out of 
575 relevant proteins, with an extremely low FDR of 0.0018, indicating 
high statistical significance. SPACA3 is also associated with the 
acrosomal membrane and vesicle, with counts and FDR values showing 
strong significance, particularly for the acrosomal membrane with an 
FDR of 7.60e-07. CCDC136 is involved in the outer dynein arm 
docking complex (GO:0120228), with CCDC136 and its interacting 
partners constituting 2 out of 5 proteins in this complex, and an FDR 
of 0.0084. Although the FDR for CCDC136 is slightly higher compared 
to some other proteins, the results still indicate significance in its 
structural function within ciliary complexes.

The results showed that there are enzymes in the TCA cycle 
pathway that play an important role in energy metabolism. In sperm, 

namely Aconitase (4.2.1.3), α-Ketoglutarate Dehydrogenase (1.2.4.2), 
Succinyl-CoA Synthetase (6.2.1.4) and Succinate Dehydrogenase 
(1.3.51). In seminal plasma, Citrate Synthase (2.3.3.1) while the 
enzymes found in seminal plasma and sperm are malate 
dehydrogenase (1.1.1.37) and fumarase (4.2.1.2) (Figure 6).

4 Discussion

The characterization of proteomes in ejaculated sperm and 
seminal plasma is essential for understanding their functional roles in 
male fertility. In this study, LC–MS/MS was employed to identify the 
total protein composition of seminal plasma and sperm (Table 1), with 
findings that are consistent with previous research. Fu et  al. (3) 
identified 864 proteins in buffalo seminal plasma and 2,147 proteins 
in mature buffalo sperm using LC–MS/MS. Additionally, a study 
utilizing shotgun proteomics identified 1,695 proteins on the surface 
of buffalo sperm, with nearly half of these proteins involved in key 
reproductive processes, including spermatogenesis, sperm maturation, 
and gamete interaction (17).

The most abundant proteins identified in seminal plasma and 
sperm in this study play critical roles in motility, energy metabolism, 

FIGURE 5

Protein interactions of Toraya buffalo. Seminal plasma protein (A) ADAM32, sperm protein, (B) ZPBP, (C) SPACA3, (D) and CCDC136 (STRING platform: 
http://string-db.org).
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sperm protection, and structural integrity (Table 2). The predominant 
proteins in sperm TUBB4B, ATP5F1B, CCIN, RAB2A, and GAPDHS 
are crucial for motility, energy metabolism, and cytoskeletal stability 
(18–20). Meanwhile, the most abundant proteins in seminal plasma 
CLU, ALB, HSP90AA1, A2M, and GPI are primarily involved in 
sperm protection, molecular transport, protein stabilization, energy 
provision, and enzymatic regulation (21, 22). These findings align with 
previous studies, which reported that the most abundant seminal 
plasma proteins (ALB, CLU, and AZGP1) and sperm proteins (TUBB, 
AKAP4, and ODF2) are associated with enhanced fertility in buffalo 
bulls (3). In buffalo, sperm quality has been identified as a major factor 
contributing to male infertility. Previous research has demonstrated 
that a substantial proportion of reproductive failures can be attributed 
to poor semen quality (23). These findings highlight the importance 
of understanding the seminal plasma and sperm proteome as a means 
to improve fertility outcomes in buffalo breeding programs.

Mass spectrometry techniques, such as LC–MS/MS, facilitate the 
identification of unique peptides in seminal plasma and sperm, 
enabling a comprehensive analysis of protein compositions in complex 
biological fluids. This approach is instrumental in identifying potential 
biomarkers associated with male fertility. For instance, specific 
proteins in seminal plasma linked to sperm motility and male 
infertility have been identified as potential diagnostic markers (24, 
25). Gene ontology (GO) annotations of the buffalo sperm and 
seminal plasma proteomes allowed for the prediction of protein 
functions, providing valuable insights into key biological processes, 
including energy metabolism, fertilization, the acrosomal reaction, 
antioxidant activity, and sperm capacitation (26).

The classification of proteins using PANTHER GO analysis 
involves several hierarchical stages. Initially, proteins are categorized 
based on their molecular functions, including catalytic activity, binding 

affinity, and structural roles. Subsequently, proteins are classified 
according to their involvement in specific biological processes, such as 
metabolism, cellular regulation, and reproduction. Lastly, proteins are 
grouped based on their cellular localization, including the cytoplasm, 
nucleus, and other reproductive structures (8, 27).

The STRING database serves as a powerful tool for elucidating 
protein–protein interaction networks, which are essential for 
understanding the functional roles of proteins in reproductive 
processes (Figures 5, 6). Among these, ADAM32, a protein found in 
bull seminal plasma, plays a critical role in sperm quality and function. 
Proteomic analyses have demonstrated a correlation between its 
molecular weight and semen quality parameters, including motility, 
viability, and plasma membrane integrity factors that collectively 
influence fertility (8, 28). ADAM family proteins, including ADAM32, 
are implicated in sperm-egg interactions and fertility in both bulls and 
humans. Additionally, metalloproteinase inhibitor 2, a key regulator of 
ADAMs, has been linked to bull fertility and sperm DNA integrity (11).

STRING analysis of sperm proteins related to reproduction 
provides a comprehensive understanding of interaction networks 
involved in various reproductive mechanisms. One such protein, zona 
pellucida-binding protein (ZPBP), is crucial for spermatozoa-zona 
pellucida binding and subsequent fertilization. Notably, ZPBP is more 
abundant in high-fertility (HF) bulls, making it a potential biomarker 
for fertility. Proper ZPBP function is essential for sperm-zona 
pellucida interactions, and its dysfunction can result in compromised 
fertility (26, 29). ZPBP, with a molecular weight of 36.8 kDa and an 
isoelectric point (pI) of 9.13, exists in two isoforms: ZPBP1, expressed 
in spermatids and sperm, and ZPBP2, expressed in the testis. ZPBP1 
interacts with ZP2, triggering the acrosome reaction required for 
fertilization. Disruption of either ZPBP1 or ZPBP2 has been linked to 
infertility due to abnormal sperm morphology and function (30, 31).

TABLE 3  STRING analysis of sperm proteins related to the reproduction.

Protein 
(accession)

GO-term Protein function Count in 
network

FD rate Interaction proteins

ZPBP GO:0001675 Acrosome assembly (BP) 3 of 20 0.0021 ZPBP, ACRBP, SPACA

GO:0007286 Spermatid development (BP) 4 of 151 0.0047 ZPBP, ACRBP, ROPN1, SPACA1

GO:0019953 Sexual reproduction (BP) 5 of 602 0.0140 ZPBP, ACRBP, SPACA1, ROPN1, 

SPA17

GO:0001669 Acrosomal vesicle (CC) 3 of 92 0.0223 ZPBP, ACRBP, SPACA1

SPACA3 GO:0001675 Cellular process involved in reproduction (BP) 4 of 317 0.0357 SPACA3, IZUMO1, SPACA1, ACRBP

GO:0032504 Multicellular organism reproduction (BP) 6 of 575 0.0018 SPACA3, IZUMO1, SPACA1, ACRBP, 

TSGA10, PRM3

GO:0022414 Reproductive process (BP) 6 of 1,033 0.0183 SPACA3, IZUMO1, SPACA1, ACRBP, 

TSGA10, PRM3

GO: 0019953 Sexual reproduction (BP) 6 of 602 0.0018 SPACA3, IZUMO1, SPACA1, ACRBP, 

TSGA10, PRM3

GO:0007283 Spermatogenesis (BP) 4 of 362 0.0498 SPACA1, ACRBP, PRM3, TSGA10

GO:0002080 Acrosomal membrane (CC) 4 of 21 7.60e- SPACA3, IZUMO1, SPACA1, MEM190

GO:0001669 Acrosomal vesicle (CC) 5 of 92 7.60e- SPACA3, IZUMO1, SPACA1, 

MEM190, ACRBP

GO:0002079 Inner acrosomal membrane (CC) 2 of 6 0.0019 SPACA1, MEM190

CCDC136 GO: 0120228 Outer dynein arm docking complex (CC) 2 of 5 0.0084 CCDC151, CCDC114

False discovery (FD); Biological process (BP); Cellular component (CC).
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Another crucial protein, SPACA3 (also known as SPRASA or 
SLLP1), is essential for bovine spermiogenesis and sperm-egg 
interactions. It plays a significant role in the acrosome reaction and 
oocyte plasma membrane adhesion (32). SPACA3 interacts with other 
sperm proteins, including equatorin (EQTN), which facilitates sperm-
oocyte fusion through the acrosome reaction (33, 34). Additionally, 
CCDC136, a testis-specific gene, is critical for acrosome formation 
and fertilization. Knockout studies in mice have shown that the 
absence of CCDC136 results in severe acrosome defects, leading to 
infertility. As a member of the coiled-coil domain-containing (CCDC) 
protein family, CCDC136 is vital for sperm motility and capacitation. 
Its importance is further demonstrated in vitro, where anti-CCDC136 
antibodies significantly inhibit fertilization (35, 36).

Pathway analysis using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database enables the identification of proteins 
involved in the tricarboxylic acid (TCA) cycle by mapping them to 
specific metabolic pathways. Kumanresen et al. (29) reported that GO 
annotations facilitate the characterization of biological processes, 
cellular components, and molecular functions of differentially 
expressed proteins. Proteins involved in glycolytic pathways, the 
mitochondrial respiratory chain, and the TCA cycle are essential for 
sperm motility and energy metabolism. Recent studies have identified 
two key enzymes related to the TCA cycle, pyruvate dehydrogenase 
E1 component subunit alpha-2 (PDHA2) and aconitase 2 (ACO2), 
which are crucial for ATP production in sperm mitochondria (9).

Proteomic studies on buffalo seminal plasma and sperm have also 
revealed proteins involved in energy metabolism, including those 
associated with glycolysis and the pentose phosphate pathway—both 
of which are functionally linked to the TCA cycle (3, 11, 36, 37). The 
TCA cycle, also referred to as the citric acid or Krebs cycle, serves as 
a central metabolic pathway in cellular respiration, generating ATP to 
meet the high energy demands of sperm cells. This cycle is particularly 
vital for spermatids, as it fuels sperm motility, which is essential for 
successful fertilization (38, 39).

Key enzymes such as malate dehydrogenase (EC 1.1.1.37) and 
fumarase (EC 4.2.1.2) play crucial roles in the TCA cycle. Malate 
dehydrogenase catalyzes the oxidation–reduction reaction that 
generates NADH, which subsequently contributes to ATP production 
via the electron transport chain (40, 41). Given that sperm require 
substantial energy for motility and fertilization, the TCA cycle serves 
as one of the primary pathways for ATP synthesis in sperm 
mitochondria. Additionally, enzymes present in seminal plasma 
contribute to metabolite availability and redox balance, which are 
essential for maintaining sperm quality. ATP is particularly critical 
for microtubule activity, which supports multiple sperm functions, 
including acrosome formation and activation—both of which are 
energy-intensive processes (42).

Fumarase is another key enzyme in the TCA cycle, catalyzing the 
reversible hydration of fumarate to malate, thereby ensuring the 
continuity of the metabolic pathway (40). In addition to these 

FIGURE 6

Pathway analysis using the KEGG pathway database identified proteins involved in the TCA cycle. The red star denotes the detected proteins in seminal 
plasma and the blue star notes the detected proteins in sperm.
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enzymes, other metabolic components of seminal plasma provide 
valuable insights into sperm health and function. The findings of this 
study offer a crucial reference for future research on buffalo sperm 
function and seminal plasma proteomics, particularly in the context 
of fertility biomarkers. Moreover, these insights pave the way for the 
development of molecular tools for bull selection, contributing to the 
conservation of indigenous Indonesian buffalo breeds and enhancing 
reproductive efficiency.

5 Conclusion

This study presents the first comprehensive proteomic 
identification of seminal plasma and sperm proteins associated with 
reproductive functions in the Toraya buffalo. The research underscores 
the identification of key proteins, such as ZPBP, SPACA3, and 
CCDC136  in sperm, and ADAM32 in seminal plasma, which are 
potential biomarkers for fertility. These proteins play significant roles 
in reproductive processes and their presence could offer new avenues 
for fertility evaluation and enhancement in buffalo breeding programs.
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Superovulation and embryo transfer technologies provide strong support for 
improving the productivity of cattle population. A non-invasive diagnostic method 
for superovulation prediction is necessary to improve its efficiency. Compared 
to macromolecular substances, there has been an increasing number of studies 
on small molecular metabolites as biomarkers. This study aimed to identify key 
biomarkers associated with superovulation outcomes in cows through serum 
metabolomics analysis. In this study, 36 induced estrus cows were selected, and 
the blood samples were collected at three time points: before FSH injection, before 
artificial insemination, and before embryo collection. Then, the cows were classified 
into high embryonic yield (HEY) and low embryonic yield (LEY) groups based on 
the total number of embryos. Furthermore, a serum untargeted metabolomics 
analysis of the two groups was conducted using liquid chromatography with 
tandem mass spectrometry (LC–MS/MS). A total of 372 embryos were collected. 
The metabolomics analysis revealed that 1,158 metabolites were detected, and 617 
were annotated. In the before FSH injection samples, 121 differential metabolites 
were identified between the two groups. In the before artificial insemination 
samples, 129 differential metabolites were identified. In the before embryo collection 
samples, 201 differential metabolites were identified. A total of 11 differential 
metabolites were shared between the before FSH injection and before artificial 
insemination samples, while five differential metabolites were shared across all three 
samples. The majority of the differential metabolites were significantly enriched 
in pathways related to amino acid and fatty acid metabolism, digestive system 
secretion, and ovarian steroidogenesis. This study showed that phosphatidylcholine 
[PC; 14:0/22:1(13Z)], phosphatidylethanolamine [PE; DiMe (11, 3)], triacylglycerol 
[TG; 15:0/16:0/22:4 (7Z, 10Z, 13Z, 16Z)], phosphatidylinositol [PI; 16:0/22:2 (13Z, 
16Z)], and phosphatidylserine [PS; 18:0/20:4(8Z, 11Z, 14Z, 17Z)] were differentially 
expressed in the serum during the superovulation period. These could serve as 
potential biomarkers for embryonic yield prediction in bovine superovulation. 
The lipid and amino acid metabolic pathways may have an impact on the ovarian 
response. The results of this study could provide novel screening indexes of 
donors for bovine superovulation, although the accuracy of the relevant factors 
requires further investigation.

KEYWORDS

cow, superovulation, metabolome, serum, biomarker

OPEN ACCESS

EDITED BY

Manuel Garcia-Herreros,  
National Institute for Agricultural and 
Veterinary Research (INIAV), Portugal

REVIEWED BY

Karima Mahmoud,  
National Research Centre, Egypt
Aykut Gram,  
Erciyes University, Türkiye

*CORRESPONDENCE

Lei Yang  
 leiyang@imu.edu.cn

Guanghua Su  
 suguanghua0707@163.com

†These authors have contributed equally to 
this work

RECEIVED 27 December 2024
ACCEPTED 03 April 2025
PUBLISHED 30 April 2025

CITATION

Su X, Gao G, Chen L, Zhang L, Liu G, Bian C, 
Su G and Yang L (2025) Identification of 
candidate blood biomarkers through 
metabolomics analysis in bovine 
superovulation.
Front. Vet. Sci. 12:1552045.
doi: 10.3389/fvets.2025.1552045

COPYRIGHT

© 2025 Su, Gao, Chen, Zhang, Liu, Bian, Su 
and Yang. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE  Original Research
PUBLISHED  30 April 2025
DOI  10.3389/fvets.2025.1552045

111

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2025.1552045&domain=pdf&date_stamp=2025-04-30
https://www.frontiersin.org/articles/10.3389/fvets.2025.1552045/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1552045/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1552045/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1552045/full
mailto:leiyang@imu.edu.cn
mailto:suguanghua0707@163.com
https://doi.org/10.3389/fvets.2025.1552045
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2025.1552045


Su et al.� 10.3389/fvets.2025.1552045

Frontiers in Veterinary Science 02 frontiersin.org

Introduction

The cattle industry is an important part of animal husbandry. 
Superovulation and embryo transfer technologies provide powerful 
support for improving the productivity of cattle population. 
However, the efficiency of bovine superovulation is affected by 
multiple factors, including genetics, age, body condition, diseases, 
and management, likely through their influence on the uterine 
environment, oocyte quality, and embryo development (1). To 
improve the screening efficiency of donors for bovine 
superovulation, several strategies have been established, including 
small follicle detection by ultrasound (2), genotype analysis (3–5), 
reproductive hormone detection (AMH, P4, E2, and FSH) (6–13), 
blood vitamin levels (14), paraoxonase-1 (15), serum biochemical 
parameters (16), and partial metabolic parameters (17, 18). 
However, the ovarian antral follicle count does not have a linear 
correlation with the outcome of embryo production (19). The 
prediction efficiency of reproductive hormone levels varies with 
age (11). In addition, the detection time is also important. 
Compared to macromolecular substances, there have been an 
increasing number of studies on small molecule metabolites 
as biomarkers.

Metabolites are the end products of various biochemical 
reactions in cells. Their composition and activity are influenced 
by both internal and external factors. Many studies have been 
conducted on the metabolome and bovine reproduction, 
including reproductive performance (17, 18, 20), pregnancy 
prediction (21–24), and reproductive disorders (1, 25–27). In the 
research by Horn et al., the preovulatory serum metabolome was 
analyzed in cows with different body condition scores to explain 
the mechanisms by which extreme body conditions affect 
reproductive capacity (18). However, more studies are necessary 
to identify reliable metabolic biomarkers related to bovine 
superovulation and to more comprehensively reveal the 
regulatory mechanisms, as metabolites are affected by 
many factors.

In this study, differences in serum reproductive hormones and 
metabolites between high embryonic yield (HEY) and low embryonic 
yield (LEY) HuaXi cows were analyzed during the superovulation 
period to identify key biomarkers related to superovulation outcomes. 
The study results may provide novel screening indexes of donors for 
bovine superovulation.

Results

Embryo production

In this study, 36 cows were selected and treated using the standard 
superovulation process (Figure 1). The results are shown in Table 1. A 
total of 372 embryos were collected, with an average of 10.33 ± 1.25 
embryos per cow. Of these, 286 embryos were viable, with an average 
of 7.94 ± 1.16 embryos per cow. Finally, 11 cows were assigned to the 
HEY group, while 9 cows were assigned to the LEY group.

Untargeted metabolic profiling of the 
cows’ serum during superovulation

To explore the serum metabolic differences between HEY and LEY 
groups, untargeted metabolomics analysis was performed. In total, 
13,222 features were detected, of which 5,654 metabolites were annotated 
(Supplementary Table S1). According to the Human Metabolome 
Database (HMDB) analysis, the most enriched category was lipids and 
lipid-like molecules (353 metabolites), followed by organic acids and 
derivatives (75 metabolites) and benzenoids (69 metabolites; 
Supplementary Figure S1A). According to the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis, the most enriched pathway was 
metabolic pathways (206 metabolites), followed by glycerophospholipid 
metabolism (135 metabolites) and the biosynthesis of secondary 
metabolites (75 metabolites; Supplementary Figure S1B).

Multivariate statistical analysis

Principal component analysis (PCA) was conducted to determine 
the separation and aggregation of samples between HEY and LEY 
groups. The first principal component (PC1) and the second principal 
component (PC2) were 12.3 and 8.2%, respectively (Figure  2A). 
Orthogonal partial least squares discriminant analysis (OPLS-DA) was 
performed to further investigate the variables responsible for 
classification and to achieve better group separation. For the before FSH 
injection samples, the R2 of the OPLS-DA model was 0.996 and the Q2 
was 0.736 (Figure 2B). In the before artificial insemination samples, the 
R2 and Q2 were 0.996 and 0.796, respectively (Figure 2C). In the before 
embryo collection samples, the R2 and Q2 were 0.988 and 0.553, 

FIGURE 1

CIDR (Zoetis, New Zealand) was inserted into the vagina on day 0 (D0). Between days 9 and 12, a total of 500 μg of FSH (Stimufol®, Belgium) was 
injected in eight doses, with each dose decreasing by 10%. On the fifth FSH injection (morning of D11), 300 μg of PG (Reprobiol, New Zealand) was 
injected synchronously. The CIDR was removed at the time of the final FSH injection. Estrus detection occurred on D13, and AI was performed twice 
(12 h interval). On D20, embryos were collected via uterus flushing after the cows were anesthetized with a caudal spinal injection of lidocaine 
hydrochloride.
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respectively (Figure 2D). The results showed that serum metabolites 
could be used to distinguish between the two groups.

Identification of differential metabolites

The liquid chromatography with tandem mass spectrometry (LC–
MS/MS) data were used to analyze the metabolites of different 
substances. Differential metabolites were screened based on the 
following criteria: VIP ≥ 1, FC > 1.2 or < 0.83, and p ≤ 0.05. A 
comprehensive statistical analysis was performed.

In the before FSH injection samples, 121 differential metabolites 
were identified, of which 23 were upregulated in the HEY group and 
98 were upregulated in the LEY group (Figure  3A; 
Supplementary Table S2). In the before artificial insemination samples, 
129 differential metabolites were identified, of which 28 were 
upregulated in the HEY group and 101 were upregulated in the LEY 
group (Figure 3B; Supplementary Table S3). In the before embryo 
collection samples, 201 differential metabolites were identified, of 
which 53 were upregulated in the HEY group and 148 were 
upregulated in the LEY group (Figure 3C; Supplementary Table S4).

Among the differential metabolites at three sampling time points, 
there were 11, 16, and 66 shared differential metabolites between the 
before FSH injection and before artificial insemination samples, the 
before artificial insemination and before embryo collection samples, 
and the before FSH injection and before embryo collection samples, 
respectively (Figure. 3D; Supplementary Tables S5–S7). In addition, 
five shared differential metabolites were identified across all three 
sampling time points. Among them, phosphatidylcholine [PC; 
14:0/22:1(13Z)] was upregulated in the HEY group, while 
phosphatidylethanolamine [PE; DiMe (11, 3)], triacylglycerol [TG; 
15:0/16:0/22:4 (7Z, 10Z, 13Z, 16Z)], phosphatidylinositol [PI; 
16:0/22:2 (13Z, 16Z)], and phosphatidylserine [PS; 18:0/20:4(8Z, 11Z, 
14Z, 17Z)] were upregulated in the LEY group at all three time points 
(Figure 3D; Table 2).

Functional enrichment of the differential 
metabolites

The functional enrichment of differential metabolites was 
performed following the method described by Kanehisa et al. (28). 
The results showed that 21 pathways were enriched in the before 
FSH injection samples. Among these, nine pathways were 
significantly enriched, including inositol phosphate metabolism, 
phosphatidylinositol signaling system, and 
glycosylphosphatidylinositol (GPI)-anchored biosynthesis, among 
others (Figure 4A). A total of 24 pathways were enriched in the 
before artificial insemination samples. Among these, three 
pathways were significantly enriched, including fatty acid 

biosynthesis, phototransduction–fly, and shigellosis (Figure 4B). A 
total of 24 pathways were enriched in the before embryo collection 
samples. Among these, 13 pathways were significantly enriched, 
including inositol phosphate metabolism, fat digestion and 
absorption, and regulation of lipolysis in adipocytes, among others 
(Figure 4C).

Discussion

In bovine superovulation, the physiological status of the donor 
plays an important role in the outcome. Metabolites in the blood can 
reflect the physiological status of the body (29). Here, we found that 
there were distinct serum metabolites between bovine donors with 
different embryo yields at the time points before FSH injection, before 
artificial insemination, and before embryo collection. 
Phosphatidylcholine [PC; 14:0/22:1(13Z)], phosphatidylethanolamine 
[PE; DiMe (11, 3)], triacylglycerol [TG; 15:0/16:0/22:4 (7Z, 10Z, 13Z, 
16Z)], phosphatidylinositol [PI; 16:0/22:2 (13Z, 16Z)], and 
phosphatidylserine [PS; 18:0/20:4(8Z, 11Z, 14Z, 17Z)] were the shared 
differential metabolites. The functions of these differential metabolites 
include fatty acid and protein metabolism and GPI-anchor 
biosynthesis, among others.

Several studies have shown that lipids present in follicular fluid 
are associated with the development of oocyte, and the concentration 
of lipids in the blood can reflect the concentration of follicular fluid. 
Furthermore, obesity is associated with irregular reproductive cycles. 
In obese horses, oocytes had lower concentrations of lipids consistent 
with PC and PE, while lipids consistent with TG tended to be higher 
(30). In patients with polycystic ovary syndrome, lipid profiling of 
follicular fluid showed differences in PC, PS, PI, and PE, strongly 
suggesting that these lipids may serve as biomarkers for pregnancy 
outcomes (31). In a study comparing human lipid profiles of follicular 
fluid between young poor ovarian responders and normal responders, 
lipids related to PC, PE, and PI were differentially expressed. These 
lipids may be involved in hormonal responses and oocyte development 
processes (32). PE, a glycerophospholipid, plays a role in the 
biosynthesis of PC (33). In this study, PE-NMe(11D3/11D3) was 
identified as a differential metabolite and may serve as a biomarker for 
the ovarian response during bovine ovulation.

A study on PC in bovine follicular fluid found variations during 
superovulation and estrous synchronization treatments, indicating that 
superovulation could increase the phospholipid content in follicular fluid 
(34). Additionally, a human superovulation study showed that some 
PC-related lipids in follicular fluid had higher concentrations in the 
successful group (32). In an ovine superovulation study, we found that 
certain PC-related metabolites in donor serum were significantly 
different between HEY and LEY populations (35). In this study, we found 
that PC [14:0/22:1(13Z)] was significantly higher in the HEY group than 
in the LEY group at all three time points. PC [14:0/22:1(13Z)] is a 

TABLE 1  Statistics of embryonic production after superovulation in cows (mean ± S.D.).

Donor 
number

Total 
embryos

Average 
total 

embryos

Total 
viable 

embryos

Average 
viable 

embryos

HEY 
donor 

number

Average 
total 

embryos 
of HEY

Average 
viable 

embryos 
of HEY

LEY 
donor 

number

Average 
total 

embryos 
of LEY

Average 
viable 

embryos 
of LEY

36 372 10.33 ± 1.25 286 7.94 ± 1.16 11 18.64 ± 2.15 14.91 ± 2.35 9 2.78 ± 0.46 2.22 ± 0.36
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glycerophospholipid in which a PC moiety occupies the glycerol 
substitution site. Phospholipids are ubiquitous in nature and are key 
components of the lipid bilayer in cells. They also play crucial roles in 
metabolism and signaling (36). Taken together, PC [14:0/22:1(13Z)] may 
serve as a serum biomarker for bovine superovulation.

Lipid metabolism provides the energy source during oocyte 
maturation. Lipids in oocytes are primarily triglycerides composed of 
specific fatty acids, which differ by species (37). In cumulus–oocyte 
complexes (COCs), TG are metabolized by lipases and through 
β-oxidation in mitochondria for ATP production (37). In dairy cows, 
follicular fluid TG levels were lower than those in serum, but there was 
a significant correlation between the two (38). In humans, studies have 
indicated that the majority of serum metabolites, including TG, are also 
present in follicular fluid, albeit at reduced levels (39). In adult zebrafish, 
high blood TG levels had negative effects on their offspring (40). 
Interestingly, Calonge et al. (41) found that the lipid profiles in follicular 
fluid and plasma inversely and significantly influenced ovarian response 
and the number of matured oocytes recovered. In this study, we found 
that TG composition [15:0/16:0/22:4(7Z,10Z,13Z,16Z)] was higher in 
the LEY group comparted to the HEY group. This suggests that 
excessively high blood TG levels affect the ovarian response during 
bovine superovulation.

PI could help maintain the low activity levels of the Hippo 
pathway (42). Emerging studies have discovered that the Hippo 

pathway plays an important role in regulating ovarian physiology and 
fertility (43). The process of oocyte maturation depends on follicle 
development. Previous studies have demonstrated that the Hippo 
pathway regulates the activation and growth of follicles (44–47). 
Related research has suggested that the upstream Hippo component, 
SAV1/MST1/2, contributes to the suppression of ovarian granulosa 
cell proliferation, while the Hippo effector YAP1 is essential for the 
proliferation of these granulosa cells (48). In summary, the serum 
metabolites related to PI may regulate follicle development through 
the Hippo pathway. In this study, we  found that the level of PI 
[16:0/22:2 (13Z, 16Z)] was significantly higher in the HEY group than 
in the LEY group at all three sampling time points. This finding may 
be associated with the outcome of embryo production.

Conclusion

Serum metabolomics analysis provides a feasible approach to explore 
the predictors of superovulation in bovine. This study showed that PC 
[14:0/22:1(13Z)], PE [DiMe (11, 3)], TG [15:0/16:0/22:4 (7Z, 10Z, 13Z, 
16Z)], PI [16:0/22:2 (13Z, 16Z)], and PS [18:0/20:4(8Z, 11Z, 14Z, 17Z)] 
were differentially expressed in the serum during the superovulation 
period. These could serve as potential biomarkers for embryonic yield 
prediction in bovine superovulation. The lipid and amino acid metabolic 

FIGURE 2

Multivariate statistical analysis results of the metabolome. (A) PCA results. B–D: OPLS-DA results from three sampling time points: (B) before FSH 
injection; (C) before artificial insemination; and (D) before embryo collection. HEY1: High embryonic yield group at the sampling before FSH injection. 
LEY1: Low embryonic yield group at the sampling before FSH injection. HEY2: High embryonic yield group at the sampling before artificial 
insemination. LEY2: Low embryonic yield group at the sampling before artificial insemination. HEY3: High embryonic yield group at the sampling 
before embryo collection. LEY3: Low embryonic yield group at the sampling before embryo collection.

FIGURE 3

Differential metabolite analysis results. (A–C) Volcano plots for three sampling time points: (A) Before FSH injection; (B) before artificial insemination; 
and (C) before embryo collection. (D) Venn diagram of the differential metabolites across three sampling time points. HEY1: High embryonic yield 
group at the sampling before FSH injection. LEY1: Low embryonic yield group at the sampling before FSH injection. HEY2: High embryonic yield group 
at the sampling before artificial insemination. LEY2: Low embryonic yield group at the sampling before artificial insemination. HEY3: High embryonic 
yield group at the sampling before embryo collection. LEY3: Low embryonic yield group at the sampling before embryo collection.
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TABLE 2  Shared differential metabolites across three sampling time points.

Metabolite ID MS1 name MZ Sampling time Relative 
abundance of 

HEY group

Relative 
abundance of 

LEY group

Fold 
changea

p valueb VIPc Up. downd

POS_788.6168_5.679 PC[14:0/22:1(13Z)] 788.62 Before FSH injection 1661555.38 1179292.10 1.41 0.0220 9.05 up

Before artificial insemination 1940812.82 1320729.14 1.47 0.0222 8.94 up

Before embryo collection 2104757.61 1350278.94 1.56 0.0240 8.33 up

NEG_811.5229_7.6312 PE [DiMe(11,3)] 811.52 Before FSH injection 19015.44 52112.66 0.36 0.0011 2.38 down

Before artificial insemination 31786.16 61470.94 0.52 0.0347 1.88 down

Before embryo collection 16952.03 52399.75 0.32 0.0036 2.11 down

NEG_884.7788_7.6502 TG[15:0/16:0/22:4(7Z,10Z,13Z,16

Z)]

884.78 Before FSH injection 11372.16 21573.02 0.53 0.0315 1.25 down

Before artificial insemination 15427.56 37777.81 0.41 0.0332 1.78 down

Before embryo collection 9420.85 25223.36 0.37 0.0025 1.40 down

NEG_889.575_7.8226 PI[16:0/22:2(13Z,16Z)] 889.57 Before FSH injection 533499.10 1606997.01 0.33 0.0022 14.04 down

Before artificial insemination 907624.75 2356853.26 0.39 0.0348 12.79 down

Before embryo collection 482513.64 1404412.95 0.34 0.0060 10.55 down

NEG_810.5216_7.6216 PS[18:0/20:4(8Z,11Z,14Z,17Z)] 810.52 Before FSH injection 55926.94 147153.83 0.38 0.0006 4.07 down

Before artificial insemination 85709.53 170426.08 0.50 0.0446 3.14 down

Before embryo collection 51423.13 152406.47 0.34 0.0037 3.57 down

aThe fold change between the high embryonic yield group and the low embryonic yield group (a higher ratio indicates a higher level of expression of a compound in the high embryonic yield group).
bp-value represents the significance level of the difference between the two groups.
cVariable importance in projection of the two groups.
dCompared to the low embryonic yield group, the high embryonic yield group showed upregulated or downregulated expression of this metabolite.
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pathways may have an impact on the ovarian response. The study results 
may provide novel screening indexes of donors for bovine superovulation, 
although the accuracy of the relevant factors requires further investigation.

Methods

Experimental location and cows’ 
management

This study was conducted at the Livestock Experimental Base of 
Inner Mongolia University in Hohhot (Inner Mongolia, China). This 
region has a tropical mid-temperate, semi-arid continental monsoon 
climate, characterized by long dry winters and short rainy summers.

A total of 36 sexually mature and clinically healthy Huaxi cows, aged 
2 to 4 years, were used in this study. The cows’ diet was designed to meet 
their nutritional needs, with unified management during feeding in the 
barn. The cows were fed a total mixed ration consisting of 15.00% alfalfa 
hay, 50.00% whole corn silage, and 35.00% cow concentrate supplement, 
resulting in a forage-to-concentrate ratio of 65:35.

Superovulation protocols

The cows were treated as follows (Figure  1): A CIDR (Zoetis, 
New Zealand) was inserted into the vagina on day 0 (D0). Between days 
9 and 12, a total of 500 μg of FSH (Stimufol®, Belgium) was injected in 
eight doses, with each dose decreasing by 10%. On the fifth FSH 
injection (morning of D11), 300 μg of PG (Reprobiol, New Zealand) 
was injected synchronously. The CIDR was removed at the time of the 
final FSH injection. Estrus detection occurred on D13, and artificial 
insemination (AI) was performed twice (12 h interval). On D20, 
embryos were collected via uterus flushing after the cows were 
anesthetized with a caudal spinal injection of lidocaine hydrochloride.

Blood sampling

Blood samples were collected in the mornings on D9, before FSH 
injection; on D13, before artificial insemination; and on D20, before 
embryo collection. The samples were collected in vacuum blood 
collection tubes. Then, the samples were centrifuged at 10000 × g for 
10 min to obtain the serum. All serum samples were stored in liquid 
nitrogen until further use.

LC–MS/MS measurements for serum 
metabolomics

Based on the total embryonic yield, the cows with ≥ 13 embryos 
were classified into the high embryonic yield (HEY) group, and the 
cows with ≤ 5 embryos were classified into the low embryonic yield 
(LEY) group. Six cows from each group (n = 6) were selected for 
serum metabolomics analysis. The LC–MS/MS-based serum 
metabolomics analysis was performed by LC-Bio Co. Ltd. (Hangzhou, 
China), following the methodology described by Xu et al. (35).

Briefly, the serum samples were purified with methanol and diluted 
in LC–MS grade water. UHPLC–MS/MS analyses were performed 
using a Vanquish UHPLC system (Thermo Fisher Scientific, Germany) 
coupled with an Orbitrap Q ExactiveTM HF mass spectrometer (Thermo 
Fisher Scientific, Germany). The solvent gradient was set as follows: 2% 
B, 1.5 min; 2–85% B, 3 min; 100% B, 10 min; 100–2% B, 10.1 min; and 
2% B, 12 min. The Q ExactiveTM HF mass spectrometer was operated in 
both positive and negative polarity modes, with a spray voltage of 
3.5 kV, a capillary temperature of 320°C, a sheath gas flow rate of 35 psi, 
an auxiliary gas flow rate of 10 L/min, an S-lens RF level of 60, and an 
auxiliary gas heater temperature of 350°C.

Data processing and metabolite 
identification

Briefly, raw data files generated through UHPLC–MS/MS were 
processed using Compound Discoverer 3.1 (CD3.1, Thermo Fisher 
Scientific, Germany). Then, the peaks were matched with mzCloud,1 
mzVault, and MassList databases to obtain accurate qualitative and 
relative quantitative results. Statistical analyses were performed using 
R statistical software (version R-3.4.3), Python (Python 2.7.6 version), 
and CentOS (CentOS release 6.6).

Data analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG),2 the 
LIPID MAPS (Lipidmaps),3 and the Human Metabolome Database 

1  https://www.mzcloud.org/

2  http://www.kegg.com

3  www.lipidmaps.org

FIGURE 4

KEGG enrichment results of differential metabolites. (A) Before FSH injection; (B) before artificial insemination; (C) before embryo collection.
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(HMDB)4 were used to annotate the biological functions of the 
metabolites. Bioinformatic analysis was performed using R software 
(v.4.0.2) or the OmicStudio tools available at https://www.omicstudio.
cn/tool. The metabolism data were statistically analyzed using the 
two-sided Wilcoxon rank sum test and finally visualized using the 
ggpubr package (version 0.6.0). The metabolites with a variable 
importance in projection (VIP) > 1, a p-value < 0.05, and a fold change 
(FC) ≥ 1.2 or ≤ 0.83 were considered differential metabolites. Volcano 
plots were used to filter the metabolites of interest based on 
log2(FoldChange) and -log10(p-value) of metabolites using ggplot2 in 
R language. A Venn diagram of the differential metabolites was created 
at http://bioinformatics.psb.ugent.be/webtools/Venn/. The functions 
of differential metabolites were analyzed using the KEGG database.
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Transcriptome and proteome of 
ovarian tissues revealed the 
differences in the ovaries of dairy 
goats during the breeding and 
non-breeding seasons
Chenbo Shi , Qingqing Liu , Wei Wang , Qiuya He , Jianqing Zhao , 
Fuhong Zhang , Lu Zhu  and Jun Luo *

Shaanxi Key Laboratory of Molecular Biology for Agriculture, College of Animal Science and 
Technology, Northwest A&F University, Yangling, China

Dairy goats represent a crucial species within global dairy livestock. In temperate 
regions with distinct seasons, dairy goats exhibit reduced reproductive activity 
under long photoperiod conditions—a phase termed the non-breeding season. 
This poses a significant challenge to sustaining year-round goat milk production. 
As the pivotal organ for reproduction, the molecular regulatory mechanisms of 
the ovary in seasonal breeding remain incompletely characterized. This study 
investigated the variations in gonadotropin levels in dairy goats across breeding 
and non-breeding seasons, alongside an evaluation of follicle size and quantity. 
Furthermore, ovarian differences were explored at the molecular level using 
transcriptomic and proteomic methodologies. The findings indicate that follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) levels in dairy goats are 
significantly reduced during the non-breeding season compared to the breeding 
season (p < 0.05). Furthermore, follicle sizes in dairy goats are notably larger 
during the breeding season relative to the non-breeding season (p < 0.05). A total 
of 1,115 differentially expressed genes (DEGs) were identified, comprising 749 
upregulated and 366 downregulated genes. Additionally, 520 differentially expressed 
proteins (DEPs) were identified, with 162 upregulated and 358 downregulated. 
The identified common DEGs and DEPs exhibiting consistent expression patterns 
include TMEM205, TM7SF2, SLC35G1, GSTM1, and ABHD6. These DEGs and DEPs 
suppress follicular development during the non-breeding season by regulating 
steroid hormone biosynthesis. In conclusion, this study reveals the molecular 
basis underlying seasonal reproductive differences at the ovarian level in dairy 
goats, offering new insights into the mechanisms of their seasonal reproduction.

KEYWORDS

dairy goat, transcriptome, proteome, ovary, seasonal reproduction

Introduction

As a breed specifically developed for dairy production, the dairy goat holds a significant 
role within the livestock industry and the dairy sector across numerous countries (1). Goat 
milk is rich in essential fatty acids, abundant milk proteins, and vitamins, all of which positively 
influence human health (2). In regions of low latitude, such as northwestern China, dairy goats 
demonstrate a significant decrease in reproductive activity from spring to summer (February 
to August). This seasonal decline often results in fluctuations in milk supply, posing challenges 
in consistently meeting market and consumer demands throughout the year.
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The seasonal reproductive cycle of animals is a multifaceted 
physiological process regulated by multiple factors, primarily 
including photoperiod and temperature changes, with photoperiod 
serving as the dominant determinant (3–6). Extended daylight periods 
during the non-breeding season induce inactive reproductive status 
in dairy goats. The photoperiod modulates melatonin secretion by the 
pineal gland, with light cues being relayed to the pineal gland through 
the suprachiasmatic nucleus in the brain. This process governs the 
release of thyroid stimulating hormone (TSH) from the pituitary 
gland via melatonin, subsequently influencing the secretion of 
gonadotropin-releasing hormone (GnRH) by the hypothalamus. As a 
result, ovarian function is affected through the actions of luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH) secreted by 
the pituitary gland (7). In certain mammalian species, alterations in 
photoperiod can modulate the activity of kisspeptin and RFRP-3 
neurons within the hypothalamus, which are integral to the regulation 
of GnRH release. Consequently, photoperiodic changes influence the 
functionality of these neurons, thereby impacting the reproductive 
axis and dictating the timing of seasonal reproduction (8).

Estrogen (E2) and progesterone (P4) secreted by the ovaries play 
a central role in regulating the reproductive cycle and supporting 
pregnancy, while the ability of the ovaries to store oocytes directly 
affects female fertility (9). Notable differences exist in ovarian biological 
function between breeding and non-breeding seasons. Research 
indicates that reduced LH levels during the non-breeding season can 
result in slower follicular development (10). In Boer goats, the size and 
number of follicles during the non-breeding season are diminished 
compared to the breeding season (11). However, the alterations in 
ovarian function during the non-breeding season are intricate and 
necessitate further investigation into their underlying causes.

RNA sequencing (RNA-seq) provides valuable insights into 
genetic information at the transcriptional level. Furthermore, 
proteomic analysis of functional proteins enables more comprehensive 
elucidation of underlying molecular mechanisms. In this study, 
we investigated follicular development and reproductive hormone 
levels in dairy goats during both the breeding and non-breeding 
seasons to enhance our understanding of their reproductive status. 
Additionally, RNA-seq was employed to compare the ovarian 
transcriptomic profiles of dairy goats, while a 4D-DIA proteomic 
approach was utilized to examine the ovarian proteomic data. This 
dual analysis offers insights into the transcriptomic and proteomic 
variations in ovarian expression patterns across different seasons. The 
findings provide a foundation for elucidating the specific 
characteristics of seasonal reproduction in dairy goats and for 
exploring potential underlying molecular mechanisms.

Materials and methods

The experiment was performed under approval by the Animal 
Ethical and Welfare Committee at the Northwest Agriculture and 
Forestry University, China.

Animals

This study was conducted in region, Shaanxi, China (34° 
16′N, 108° 4′E). The region has distinct four seasons, characterized 

by a continental monsoon climate, with an average annual 
temperature of 12°C. Following the summer solstice, the duration 
of daylight diminishes, prompting the dairy goats in the region to 
enter the breeding season. Conversely, post the winter solstice, the 
daylight duration increases, leading the dairy goats in the area to 
transition into the non-breeding season. The peak breeding 
season for dairy goats in the region is from August (14 h of 
daylight) to October (12 h of daylight), while clearly exhibit 
anestrus status from March (12 h of daylight) to May (14 h 
of daylight).

The goat breed is Xinnong Saanen dairy goats, all females were 
multiparous and ranged in age from 2.5 to 3.5 years, with an average 
body weight of 47.29 ± 7.45 kg. The diet consists of corn silage and 
alfalfa hay for roughage. The concentrate includes soybean meal, corn 
grain, bran, trace mineral salt, and vitamin-mineral premix. The 
concentrate-to-roughage ratio is 4:6, and they have ad libitum access 
to water.

Experimental design

Forty dairy goats were divided into two experimental groups, with 
studies conducted during the non-breeding season group (NBS 
group) from March to May and the breeding season group (BS group) 
from August to October, each lasting 6 weeks. Weekly blood samples 
were obtained from the goats via jugular venipuncture. Upon the 
conclusion of the experiment, ovarian samples from the goats were 
procured for subsequent analysis.

Ovaries collection and follicle counting

The ovaries were harvested under general anesthesia with xylazine 
hydrochloride (Administer a muscular injection at a dose of 2.5 μL/
kg in accordance with the instructions; Huamu Animal Health 
Products Corporation), and the ovaries were collected in a sterile 
operating room. Following the surgery, the goats were placed in quiet 
and clean pens for 7 days, with daily iodine disinfection of the wounds. 
The follicle count was recorded, and the diameter of each follicle was 
measured using a ruler. Follicles with a diameter smaller than 2.5 mm 
and larger than 2.5 mm were categorized as small-sized and large-
sized follicles, respectively. The ovarian tissues were preserved in 
liquid nitrogen for subsequent transcriptomic and proteomic 
sequencing analyses.

RNA sequencing

The total RNA of the ovaries was extracted by Trizol reagent 
(Invitrogen, United  States), according to the instructions of the 
manufacturer. The purity and concentration of the extracted RNA 
were detected by NanoDrop  2000A Spectrophotometer (Thermo 
Fisher Scientific, United  States). According to the manufacturer’s 
manual, cDNA libraries and sequencing were performed at Allwegene 
Company (Beijing, China). Briefly, mRNAs were extracted from total 
RNA using oligo (dT) magnetic beads and then broken into short 
fragments. The fragmented mRNAs were reverse-transcribed into 
cDNAs which were then amplified by PCR.
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The cDNA libraries were sequenced using Illumina HiSeq 2000. 
Clean data were obtained by removing reads containing adapters and 
low-quality reads from the raw data. Subsequent analyses were 
performed using the clean data. The clean redas were mapped to the 
Capra hircus reference genome Capra_hircus. ARS1.1 Calculate the 
number of clean reads mapped to each gene, and standardize gene 
expression using the RPKM (Reads per kilobase per million mapped 
reads) method. Based on RPKM-normalized results, gene expression 
levels are evaluated, with genes satisfying p < 0.05 and 
|FoldChange| > 2identified as differentially expressed genes (DEGs). 
CPM (Counts per million mapped reads) data are used to assess the 
quality and accuracy of transcriptomic analyses.

R software (Ggplot2 R package) was used for plot, and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis 
was performed using the OmicShare tool.2 Gene Ontology (GO) 
enrichment analysis was performed and the results visualized with the 
OmicShare tool, an online platform for data analysis.3 KEGG pathways 
or GO terms with p < 0.05 were considered significantly enriched 
in DEGs.

4D-DIA proteomics

Ovarian samples were retrieved from liquid nitrogen storage and 
pulverized using liquid nitrogen. Subsequently, 200 mg of the 
pulverized sample was transferred to a centrifuge tube, and 300 μL of 
RIPA buffer solution was added and mixed thoroughly. Cryogenic 
grinding was performed using steel beads at 70 Hz for 4 min, followed 
by centrifugation at 12,000 rpm for 10 min at 4°C. The samples then 
underwent ultrasonic treatment in an ice-water bath for 15 min to 
ensure complete lysis. A second centrifugation was conducted at 
12,000 rpm for 10 min at 4°C, and the supernatant was collected for 
further analysis.

The protein concentration was quantified utilizing the 
Bicinchoninic Acid (BCA) assay. Subsequently, peptide samples were 
prepared for instrumental analysis. In summary, proteins underwent 
precipitation via acetone, followed by reconstitution, reduction, and 
alkylation. Trypsin was then employed for enzymatic digestion of the 
proteins. Subsequently, trifluoroacetic acid (TFA) was used to remove 
sodium deoxycholate (SDC) from the peptide samples. Following 
desalting, the samples were prepared for instrumental analysis.

For each sample, 200 ng of total peptides were separated and 
analyzed with a nano-UPLC (nanoElute2) coupled to a timsTOF Pro2 
instrument (Bruker) with a nano-electrospray ion source. Vendor’s 
raw MS files were processed using SpectroMine software 
(4.2.230428.52329) and the built-in Pulsar search engine.

The statistical analysis of the dataset was primarily executed 
utilizing R software (version 4.0). Protein raw intensity values 
underwent normalization via the median. The identification of 
significantly different proteins was conducted using the R package 
metaX, applying a filtration based on two criteria: a p-value < 0.05 
from the T-test and a fold change > 1.2. Enrichment analyses for GO 
and KEGG Pathways of the differentially expressed proteins were 

1  https://ftp.ensembl.org/pub/release-111/fasta/capra_hircus

2  https://www.omicshare.com/tools/home/report/koenrich.html

3  https://www.omicshare.com/tools/home/soft/enrich_circle

performed using hypergeometric tests, with functional terms deemed 
significantly enriched if they exhibited a p-value < 0.05. The subcellular 
localization of proteins was analyzed using the WoLF PSORT 
software.4

Real-time quantitative PCR

Extract total RNA using the previously described method. 
Subsequently, 1,000 ng of RNA was reverse transcribed into cDNA 
utilizing the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, 
China). The sequences and GenBank accession numbers of the 
primers employed for target gene amplification are presented in 
Table 1. Quantitative detection of the target genes was performed 
using the SYBR Green PCR Master Mix (Takara, China). The relative 
gene expression was analyzed using the 2 − ΔΔCt method.

Elisa assay

Centrifuge the blood samples at 3000 rpm for 5 min to collect the 
serum. Use the ELISA kit (Fankew, China) according to the 
manufacturer’s instructions to detect FSH and LH in the serum.

Statistical analyses

Statistical analyses were conducted utilizing SPSS software version 
17.0 (SPSS Inc., Chicago, IL, United States), incorporating a minimum 
of three independent replicates. Independent sample t-tests were 
employed to compare the two groups, with all data expressed as mean 
± standard error of the mean (S. E. M.). A p-value of less than 0.05 was 
deemed statistically significant. The levels of significance are denoted 
as follows: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates 
p < 0.001.

Results

Reproductive hormone levels and follicle 
counts

During the six-week experimental period, the levels of FSH and 
LH in dairy goats were assessed weekly. Serum FSH levels during 
weeks 1, 3, 4, and 6 of the breeding season were significantly higher 
than those in the non-breeding season (p < 0.05), while serum LH 
levels during weeks 1, 2, and 5 of the breeding season were significantly 
higher than those in the non-breeding season (p < 0.05; Figures 1A,B). 
Despite these findings, FSH levels at weeks 2 and 5 showed no 
significant difference (p > 0.05), and LH levels at weeks 3, 4, and 6 also 
exhibited no significant difference (p > 0.05; Figures  1A,B). 
Additionally, an analysis of follicular size and quantity indicated that, 
relative to the non-breeding season, dairy goats in the breeding season 
exhibited a greater number of large-sized follicles (p < 0.05) and fewer 

4  https://wolfpsort.hgc.jp/
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TABLE 1  Primers used for the qRT-PCR validation.

Gene name Primer sequence (5′-3′) Product size (bp) Accession number

FASN
F: GCACACAATATGGACCCCCA 183 NM_001285629.1

R: CATGCTGTAGCCTACGAGGG

LDLR
F: TTTGAACGCACGAAAGCAGG 165 XM_005682375.3

R: GTTTGATCCTGACCAGGGGG

FSHR
F: ATGCGGTCGAACTGAGGTTT 146 NM_001285636.1

R: GGGCAGGTTGGAGAACACAT

TMEM206
F: ACTGAGCAGCCACCTACCTA 116 XM_018060751.1

R: TGAGGAGGGACCTACTCTGC

TM7SF2
F: CCTACCGAATCGTGCCCTAC 176 XM_005699882.3

R: CCTATCAGGCCGTTCATCCC

SLC35G1
F: CTGTCCTGGACTTGGCTTGT 192 XM_018041634.1

R: CGTTGACCTTTGGGGCCTAT

ABHD6
F: GAGGTCAGCCCCTCTAGGTA 175 XM_018038385.1

R: TCCTCCGCCAGTACCAGTAA

FIGURE 1

Levels of FSH and LH in the serum and follicle count in dairy goats during the breeding and non-breeding seasons. The contents of FSH (A) and LH 
(B) in serum were measured by ELISA. (C) Size and number of ovarian follicles.*p < 0.05, **p < 0.01, ns > 0.05.
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small-sized follicles (p < 0.05), while the total follicle count remained 
statistically unchanged (p > 0.05; Figure 1C).

Transcriptome analysis

The principal component analysis (PCA) results illustrate the 
distribution of samples across the first two principal components (PC1 
and PC2), with PC1 accounting for 37.5% of the variance and PC2 
accounting for 24.7% (Figure 2A). A total of 954 DEGs were identified 
between the NBS and BS groups, with 749 genes upregulated in the 
NBS group and 366 genes upregulated in the BS group (Figures 2B,C). 
A comprehensive analysis of the top  20 DEGs revealed that the 
log2(fc) values for integrin subunit beta 6 (ITGB6), fibrous sheath 
interacting protein 2 (FSIP2), and acid phosphatase 3 (ACP3) were 
upregulated by factors of 10.9, 10.7, and 10.5, respectively (Table 2). 
Conversely, the log2(fc) values for G protein-coupled Receptor 22 
(GPR22) and pyroglutamylated RFamide peptide receptor (QRFPR) 
were downregulated by factors of 10.6 and 10.0, respectively (Table 2).

KEGG enrichment analysis identified the top  20 pathways 
significantly enriched with DEGs (Figure  2D). Among these, 120 
DEGs were significantly enriched in metabolic pathways, 8 DEGs in 
steroid biosynthesis, 8 DEGs in glutathione metabolism, and 12 DEGs 

in ovarian steroidogenesis. The enriched pathways are predominantly 
annotated in categories such as metabolism, genetic information 
processing, environmental information processing, cellular processes, 
organizational systems, and human diseases (Figure 2E). Notably, 
metabolism accounts for the highest number of annotated pathways 
(12 pathways), whereas environmental information processing 
accounts for the fewest (only 3 pathways; Figure 2E).

GO analysis identified the top  20 terms that are significantly 
enriched among the DEGs, categorizing them into three primary 
domains: biological process, molecular function, and cellular 
component (Figures  2F,G). The terms exhibiting the highest 
distribution of DEGs include cellular anatomical entity, cellular 
process, binding, and biological regulation (Figures 2F,G).

Proteomic analysis

The results of 4D-DIA proteomics analysis showed that principal 
component analysis (PCA) revealed the distribution of principal 
components, with PC1 accounting for 73.1% of the variance and PC2 for 
8.2% (Figure 3A). In comparison to NBS group, the BS group exhibited 
162 upregulated and 358 downregulated differential expressed 
proteins(DEPs), as illustrated in the volcano plot and heatmap 

TABLE 2  The top 20 upregulated or downregulated DEGs in NBS vs. BS.

Ensemble ID Symbol Description Log2(fc) p-value UP/DOWN

ENSCHIG00000004135 – – 11.5 0.048 UP

ENSCHIG00000013972 ITGB6 Integrin beta-6 10.9 0.002 UP

ENSCHIG00000020565 - - −10.8 0.001 DOWM

ENSCHIG00000016918 - - 10.8 0.005 UP

ENSCHIG00000016003 FSIP2
Fibrous sheath interacting 

protein 2
10.7 0.006 UP

ENSCHIG00000010247 GPR22
G protein-coupled receptor 

22
−10.6 0.001 DOWM

ENSCHIG00000016695 ACP3 Acid phosphatase 3 10.5 0.023 UP

ENSCHIG00000010784 RNASE12
Ribonuclease A family 

member 12
10.5 0.024 UP

ENSCHIG00000026746 - - 10.5 0.024 UP

ENSCHIG00000021440 CNNM1 Cyclin-M1 10.3 0.005 UP

ENSCHIG00000016148 ANO2 Anoctamin 2 10.3 0.000 UP

ENSCHIG00000022191 ERN2
Endoplasmic reticulum 

nucleotide receptor 2
10.2 0.011 UP

ENSCHIG00000004467 - - 10.2 0.035 UP

ENSCHIG00000002414 ACTL7A Actin like 7A 10.2 0.025 UP

ENSCHIG00000015989 - - 10.1 0.001 UP

ENSCHIG00000007733 GJB1 Gap junction protein beta 1 10.0 0.004 UP

ENSCHIG00000015444 SCGN Secretagogin 10.0 0.045 UP

ENSCHIG00000022770 P2RX2 Purinergic receptor P2X 2 10.0 0.020 UP

ENSCHIG00000026596 QRFPR
Pyroglutamylated RFamide 

peptide receptor
−10.0 0.005 DOWM

ENSCHIG00000008489 FGFBP1
Fibroblast growth factor 

binding protein 1
10.0 0.006 UP
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FIGURE 2

Transcriptome sequencing and bioinformatics analysis. (A) PCA analysis. (B) Volcano plot. (C) Heatmap of DEGs. (D) Top 20 pathways obtained from 
KEGG pathway enrichment. (E) KEGG pathway annotation. (F) GO terms enrichment analysis. (G) Enrichment circle plot of GO terms.
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FIGURE 3

Proteomic sequencing and bioinformatics analysis. (A) PCA analysis. (B) Volcano plot. (C) Subcellular localization of DEPs. (D) Heatmap of DEPs. 
(E) Top 20 pathways obtained from KEGG pathway enrichment. (F) KEGG pathway annotation. (G) Enrichment circle plot of GO terms. (H) GO terms 
enrichment analysis.
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(Figures 3B,D). Subcellular localization analysis revealed that the DEPs 
are predominantly situated in the nucleus, cytoplasm, and mitochondria 
(Figure 3C). Table 3 presents the log2 fold change (fc) values for the top 20 
DEPs, highlighting that LOC108633460, solute carrier family 35 member 
(SLC35G1), and grancalcin (GCA) were upregulated by 8.20, 7.67, and 
7.71 times, respectively. Conversely, the log2 (fc) values for LysM domain 
containing 3 (LYSMD3) and histone acetyltransferase (KAT2A) were 
reduced by 5.69 and 5.64 times, respectively (Table 3).

KEGG enrichment analysis identifies the top  20 enriched 
pathways, with the five most significant being endocrine and other 
factor-regulated calcium reabsorption, nucleotide excision repair, 
endocytosis, citrate cycle (TCA Cycle), and fatty acid metabolism. 
Additionally, the thyroid hormone signaling pathway, associated with 
steroid hormone synthesis, is also enriched (Figure  3E). Pathway 
annotation results indicate that there are 11 pathways each annotated 
to metabolism and human diseases (Figure 3F).

Furthermore, Gene Ontology (GO) analysis identifies the top 20 
significantly enriched terms among the DEPs, with cellular anatomical 
entity, cellular process, and binding exhibiting the highest distribution 
of DEPs. These top 20 terms are categorized exclusively under cellular 
component and biological process, with no classification under 
molecular function (Figures 3G,H).

Conjoint analysis of DEGs and DEPs

To overcome the constraints of analyzing a single omics dataset 
and to improve the precision and dependability of bioinformatics 
analysis, a joint analysis of DEGs and DEPs was conducted. Seven 
common DEGs/DEPs were identified, with transmembrane protein 
205 (TMEM205), transmembrane 7 superfamily member 2 (TM7SF2), 
solute carrier family 35 member G1 (SLC35G1), glutathione 
S-transferase (GSTM5), abhydrolase domain containing 6, acylglycerol 
lipase (ABHD6), E2 ubiquitin-conjugating enzyme (UBE2S) and 
insulin-like growth factor-binding protein 2 (IGFBP2)exhibiting 
similar expression patterns in both DEGs and DEPs (Figure 4).

Validation of selected DEGs by qRT-PCR

qRT-PCR validation was conducted on genes associated with 
ovarian hormone synthesis, in addition to the four shared genes 
identified from DEGs and DEPs. In the ovarian tissues of dairy goats 
during the breeding season, the expression levels of fatty acid synthase 
(FASN) (p < 0.01), low-density lipoprotein receptor (LDLR) (p < 0.05), 
follicle stimulating hormone receptor (FSHR) (p < 0.05), TMEM205 

TABLE 3  The top 20 upregulated or downregulated DEPs in NBS vs. BS.

UniProt Gene name Description Log2(fc) P-Value UP/DOWN

A0A452E5B3 LOC108633460 - 8.20 0.039 UP

A0A452EUQ3 SLC35G1

Solute carrier family 35 

member G1 7.67
<0.0001

UP

A0A452G0K2 GCA Grancalcin 7.61 <0.0001 UP

A0A452FHU2 - - 7.55 0.040 UP

A0A452ET71 MPC1

Mitochondrial pyruvate 

carrier 6.98
0.037

UP

A0A452FW07 AMDHD1

Amidohydrolase domain-

containing protein 1 6.78
0.036

UP

A0A097ITJ2 DSG4 Desmoglein 4 6.08 0.036 UP

A0A8C2S393 - - −5.79 0.003 DOWN

A0A452EFZ7 - - 5.77 0.005 UP

A0A452DPQ3 LYSMD3 LysM domain containing 3 −5.69 <0.0001 DOWN

A0A452FHR7 KAT2A Lysine acetyltransferase 2A −5.64 0.000 DOWN

A0A452F5C7 LPIN1 Phosphatidate phosphatase 4.93 0.042 UP

A0A452F944 ABLIM2

Actin binding LIM protein 

family member 2 4.22
0.032

UP

A0AAJ7P8Z1 MAP4

Microtubule-associated 

protein −3.45
0.027

DOWN

A0A452G561 YAF2 YY1 associated factor 2 −3.07 0.015 DOWN

A0A452FBP5 VGLL4

Vestigial like family member 

4 −2.96
0.037

DOWN

A0A452FRZ1 LOC108638216 - −2.62 0.035 DOWN

A0A8C2S6S3 RAB34

RAB34, member RAS 

oncogene family −2.58
0.032

DOWN

A0A452G1X2 UBE2S

E2 ubiquitin-conjugating 

enzyme −2.58
0.039

DOWN

A0A452FDM1 - - −2.51 0.009 DOWN

126

https://doi.org/10.3389/fvets.2025.1565807
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Shi et al.� 10.3389/fvets.2025.1565807

Frontiers in Veterinary Science 09 frontiersin.org

(p < 0.05), TM7SF2 (p < 0.05), ABHD6 (p < 0.01) and SLC35G1 
(p < 0.05) were significantly increased (Figures 5A–G), and the fold 
change showed a trend similar to the corresponding counts per 
million (CPM) values in the RNA sequencing results, indicating the 
accuracy of the RNA sequencing data (Figure 5H).

Discussion

The regulation of reproductive hormones, including FSH and LH, 
is a multifaceted process influenced by a range of factors, 
encompassing environmental cues and intrinsic physiological 
mechanisms. In seasonally breeding species such as goats, the 
secretion of these hormones is typically downregulated during the 
non-breeding season, resulting in diminished reproductive activity. 
The seasonality of goat reproduction is primarily governed by 
alterations in photoperiod, which modulate the negative feedback 
exerted by estradiol on LH secretion. Specifically, during extended 
photoperiods, the negative feedback of E2 is enhanced, leading to 
reduced LH secretion and the suppression of ovulation (12, 13). 
Similarly, during the non-breeding season, goats exhibit decreased 
levels of FSH (14). The administration of PMSG or other 
pharmacological agents that stimulate FSH release can induce 
ovulation in goats during this period. In this study, we observed that 
the overall concentrations of FSH and LH in the bloodstream of dairy 
goats during the non-breeding season are significantly lower than 
those observed during the breeding season. FSH and LH are pivotal 
gonadotropins that regulate various dimensions of ovarian follicular 
development, including follicular growth, maturation, and ovulation. 
FSH is particularly critical for follicle maturation and development, 
whereas LH plays a significant role in follicular development and 

oocyte maturation (15, 16). Furthermore, existing research suggests 
that follicular development is subject to seasonal influences (17, 18). 
Our study reveals that follicle size in dairy goats is reduced during the 
non-breeding season compared to the breeding season, which 
we  attribute to diminished levels of FSH and LH during the 
non-breeding period. Consequently, the analysis of hormone 
concentrations and follicle counts indicates that the ovarian activity of 
dairy goats is in a quiescent state during the non-breeding season 
relative to the breeding season.

To further investigate the potential genetic factors underlying the 
differences in seasonal reproductive status, we conducted transcriptomic 
analysis and 4D-DIA proteomic analysis, identifying several DEGs and 
DEPs that may be related to ovarian function. In the study of ovarian aging, 
ITGB6 is associated with the remodeling of the extracellular matrix, which 
may affect the fibrotic process of the ovary. Studies have shown that ITGB6 
is highly expressed in the stromal cells of aged ovaries and is associated with 
the cell-stromal junction process (19). In addition, previous studies have 
indicated that ITGB6 promotes lipid metabolism in ovarian cancer through 
its interaction with the PI3K signaling pathway (20). GPR22 is classified as 
a G protein-coupled receptor. Although research on the role of GPR22 in 
ovarian function is still limited, existing evidence indicates the involvement 
of G protein-coupled receptors in follicular development, ovulation, and 
ovarian steroid hormone metabolism. Within the ovarian context, the 
activation of the G protein-coupled estrogen receptor (GPER) is intimately 
associated with critical processes such as cell proliferation, differentiation, 
and apoptosis, all of which are essential for oocyte growth and ovulation 
(21). Additionally, G protein-coupled receptor 30 (GPR30) has been 
identified as a regulatory factor in the secretion of gonadotropins in cattle, 
underscoring its potential importance in reproductive regulation (22). 
SLC35G1 was significantly upregulated in granulosa cells of different sizes 
of follicles compared to follicular membrane cells (23). It was found that the 

FIGURE 4

Conjoint Analysis of DEGs and DEPs. There are 7 shared DEGs/DEPs (green).
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FIGURE 5

The expression of some DEGs were verified by qRT-PCR. The CPM value(right Y-axis) was taken as the relative expression level of DEGs(left Y-axiss). 
(A) FASN. (B) LDLR. (C) FSHR. (D) TMEM205. (E) TM7SF2. (F) SLC35G1. (G) ABHD6. (H) Fold change between qRT-PCR and CPM. The relative expression 
level of DEGs were analyzed with independent sample t-tests.*p < 0.05, **p < 0.01.

128

https://doi.org/10.3389/fvets.2025.1565807
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Shi et al.� 10.3389/fvets.2025.1565807

Frontiers in Veterinary Science 11 frontiersin.org

leukemia inhibitory factor promoted the expression of KAT2A in vitro 
maturation of bovine oocytes (24). The KEGG enrichment analysis reveals 
that the DEGs and DEPs are predominantly associated with metabolic 
pathways and pathways related to steroid synthesis. Metabolic pathways are 
integral to ovarian hormone secretion and follicular development, with 
metabolic status exerting a significant influence on ovarian function. This 
is particularly pertinent as metabolic pathways are intrinsically linked to 
follicle maturation (25). During follicular development, the synthesis of 
steroid hormones, such as estradiol and progesterone, is facilitated by both 
granulosa and theca cells, with secretion levels being directly modulated by 
FSH and LH (26). In the initial stages of follicular development, FSH 
enhances the expression of the steroidogenic acute regulatory protein 
(StAR) in granulosa cells via its receptors, thereby augmenting the transport 
of cholesterol to the mitochondria—a critical step in steroid synthesis (27). 
Concurrently, LH, through its receptors in theca cells, upregulates the 
expression of steroidogenic enzymes, thereby promoting the synthesis of 
steroid hormones (26). Our GO analysis reveals a significant enrichment 
of terms related to cellular processes and biological regulation among the 
differentially expressed genes, with a particular emphasis on those 
associated with ovarian development and hormone secretion. In the 
context of follicular development, ovarian granulosa cells engage in 
bidirectional communication with oocytes, a process that is crucial for the 
development and functionality of both cell types. Current research suggests 
that the interactiono between granulosa cells and oocytes can elucidate 
changes in gene expression during follicle maturation, as evidenced by 
transcriptomic analyses (28).

The integration of multi-omics analyses offers insights into 
various tiers of biological systems. Our comprehensive analysis 
of DEGs and DEPs revealed 5 common DEGs/DEPs, which 
demonstrated consistent expression patterns in both the 
transcriptomic data and RT-qPCR validation. This concordance 
underscores the reliability of the transcriptomic findings. The 
TMEM205 gene, which encodes the transmembrane protein 205, 
is a member of the transmembrane protein family (29). Although 
research on this gene is currently limited, evidence suggests that 
mutations in TMEM205 may be associated with chemotherapy 
resistance in ovarian cancer (30). Research has shown that 
TM7SF2 is involved in the steroidogenic biosynthetic pathways 
of ovarian granulosa cells (31). Combining this with our results, 
it can be inferred that TM7SF2 may influence follicle maturation 
by affecting hormone synthesis in granulosa cells. Additionally, 
SLC35G1 is expressed in granulosa cells, with expression levels 
in follicles of varying sizes surpassing those in theca cells (23). 
This suggests that SLC35G1 may contribute to the functional 
differences in synthesis between granulosa and theca cells, 
functions that are tightly regulated by FSH and LH, potentially 
due to seasonal variations in LH and FSH levels in dairy goats. 
Research has demonstrated that human subjects possessing the 
GSTM1 deletion genotype exhibit significantly reduced 
testosterone levels (32). This phenomenon may be attributed to 
the role of GSTM1 as a steroid-binding protein, implying that 
GSTM1 potentially regulates steroid synthesis and thereby 
influences the seasonal reproductive status of dairy goats. 
Conversely, limited research exists regarding the role of 
ABHD6 in ovarian function. Research on ABHD6 and ovarian 
function is scarce; however, some studies have confirmed that 
estrogen can promote high expression of ABHD6 in women 
immune cells (33). There is a wealth of research indicating that 
estrogen can influence estrus in goats (34, 35). This suggests that 

the secretion of ovarian estrogen may differ between the breeding 
and non-breeding seasons.

Conclusion

In conclusion, this study utilized transcriptomic and 
proteomic sequencing to investigate the molecular basis of 
seasonal reproductive differences in dairy goats. We, respectively, 
identified 1,115 DEGs and 520 DEPs in ovarian tissue between 
the breeding and non-breeding seasons. Critically, our results 
demonstrate reduced FSH and LH levels and impaired follicular 
development during the non-breeding season. Furthermore, 
functional analyses strongly suggest that the genes TMEM205, 
TM7SF2, SLC35G1, GSTM1, and ABHD6 contribute to suppressed 
ovarian function in the non-breeding season, through regulating 
specific roles in steroid hormone synthesis pathways. These 
findings offer new insights into the molecular mechanisms 
underlying seasonal variations in dairy goat ovaries, presenting 
innovative strategies to mitigate seasonal anestrus and enhance 
year-round milk production.
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Genome-wide selection signal 
analysis reveals copy number 
variation associated with litter 
size in Guizhou Black goat
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Introduction: Copy number variation (CNV) is a common form of genomic 
structural variation arising from genome sequence rearrangements, which 
primarily involves variations in the copy number of large genomic segments. 
This study focuses on performing selection signal analysis of CNVs to identify 
candidate loci and genes associated with litter size in Guizhou Black goat.

Methods: Sample selection: 30 Guizhou Black goats were divided into high-
lambing and low-lambing groups based on their continuous lambing records. 
Genetic analysis: Phylogenetic tree construction and principal component 
analysis (PCA) were performed to assess genetic differences between the two 
groups. Selection signal indicators: Genetic differentiation index (FST) and 
nucleotide diversity (θπ) were used as indicators for identifying selection signals. 
CNV identification: 180 CNVs associated with litter size were identified through 
selection signal analysis. Functional annotation: Candidate genes within these 
CNVs were annotated, and further analysis was conducted using Gene Ontology 
(GO) and KEGG pathway enrichment methods.

Results: Genetic differentiation: Phylogenetic tree construction and PCA 
revealed significant differences in genetic structure between the high-lambing 
and low-lambing groups. CNV identification: 180 CNVs were found to be 
associated with litter size. Candidate genes: Functional annotation of the CNVs 
identified 49 candidate genes. Pathway enrichment: GO and KEGG pathway 
analysis revealed significant enrichment of these genes in several reproduction-
related biological pathways, including the Hippo signaling pathway, steroid 
hormone biosynthesis, and retinol metabolism.

Discussion: This study provides novel insights into the genetic mechanisms 
underlying prolificacy in Guizhou Black goats. The identification of CNVs 
associated with litter size offers potential targets for genomic selection 
breeding, which could be used to improve reproductive traits in this breed. 
The enriched pathways, such as the Hippo signaling pathway, steroid hormone 
biosynthesis, and retinol metabolism, suggest that these biological processes 
may play a critical role in regulating fertility and reproductive efficiency in goats. 
The findings highlight the potential for utilizing CNVs as markers for improving 
reproductive performance in livestock breeding programs.
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1 Introduction

As economically significant livestock, goats contribute 
substantially to the global production of meat, milk, and hides. 
Increasing production volume alone is insufficient to meet the 
growing global demand for goat-derived products. Enhancing goat 
reproductive performance is a pressing concern, as litter size is a 
critical trait influencing reproductive efficiency and overall 
productivity. Consequently, enhancing litter size has become a 
primary objective in goat breeding programs. While factors such as 
maternal nutrition and dietary supplements (e.g., folic acid) play roles 
in determining litter size, genetic factors are also crucial. Recently, 
many studies have focused on identifying genetic variants and genes 
associated with litter size in goats. For instance, a genome-wide 
association study (GWAS) identified single nucleotide polymorphism 
(SNP) variants associated with litter size at birth (LSB) in Markhoz 
goats. Candidate genes annotated from these variants include 
GABRA5, AKAP13, and SV2B (1). Similarly, when analyzing SNPs 
associated with litter size in Chuanzhong Black goats, Guo et  al. 
utilized FST and θπ analyses to examine population selection signals. 
Their findings annotated 506 and 528 genes in high-litter and 
low-litter groups, respectively. Additionally, polymorphism analysis 
revealed a significant association between the g.89172108  T > G 
variant in the exon of the AMH gene and litter size, suggesting its 
potential as a marker for selecting high-fertility individuals (2). As a 
complex trait, litter size is influenced by multiple genetic factors. 
Focusing exclusively on SNPs may not provide a comprehensive 
understanding of their genetic basis. Copy number variation (CNV), 
an essential form of structural variation involving changes in the copy 
number of large genomic segments, can significantly impact gene 
expression and function. Increasing evidence indicates that CNVs 
play a vital role in animal reproduction. For example, a CNV-based 
GWAS in Canadian Holstein cattle identified two CNVRs linked to 
three reproductive traits: calf survival rate, interval from first service 
to conception, and non-return rate (3).

The Guizhou Black Goat is a local meat-type breed native to the 
southwestern region of Guizhou Province, China. It is characterized 
by a moderate body size, tender meat with a mild odor, and strong 
adaptability to cold climates and low-quality forage. However, its 
relatively low reproductive performance has become a limiting factor 
for the breed’s development and widespread utilization. This study 
aims to identify copy number variations (CNVs) associated with 
lambing traits by analyzing whole-genome sequencing data of high- 
and low-litter-size Guizhou Black goat groups. We conducted selection 
signal analysis of CNVs between these groups to identify candidate 
genes potentially linked to litter size. These genes contribute to 
elucidating the genetic mechanisms underlying lambing traits and 
serve as valuable molecular markers for genetic improvement and 
enhanced reproductive performance in goats.

2 Materials and methods

2.1 Sample collection and whole genome 
resequencing

The 30 Guizhou Black goats used in this study were all sourced 
from Maiping Town, Huaxi District, Guizhou Province. The selected 

goats were healthy females aged 2–3 years, raised under uniform 
management conditions, and underwent annual disease screening. All 
experimental goats were fed a semi-grazing system, provided with the 
same basic diet (including silage corn, hay and concentrate) during the 
dry season, and allowed to eat natural pasture freely during the green 
season. Based on lambing records from the past 2 years, 15 high-litter-
size individuals (average litter size ≥ 2) were selected to form the high-
lambing group (HL), while 15 low-litter-size individuals (average litter 
size = 1) were chosen as the low-lambing group (LL) for whole-genome 
resequencing. Blood samples were collected using vacuum blood 
collection tubes between 8:00 and 9:00 in the morning. The studies 
involving animals were reviewed and approved by Guizhou University 
Subcommittee of Experimental Animal Ethics [eae-gzu-2024-e054]. 
Blood samples were collected for DNA extraction, and high-quality 
DNA samples were subsequently used to construct sequencing libraries. 
The DNBSEQ-T7 sequencer was employed to sequence, producing raw 
sequencing data with an average coverage depth of 33.3X.

2.2 CNV detection and annotation

To minimize errors caused by human factors during sequencing, 
the raw data were first filtered using Fastp (v0.23.4), and reads 
containing adapters were removed based on the following criteria. 
Paired reads were discarded if the proportion of “N” bases in a 
sequencing read exceeded 1% of the total bases. Additionally, paired 
reads were excluded if the number of low-quality bases (Q ≤ 5) in a 
sequencing read exceeded 50% of the total bases. Subsequently, BWA 
(v0.7.17) was used to align the clean reads to the reference genome 
(GCF_001704415.2_ARS1.2_genomic.chr), and SAMtools (v1.17) 
was employed to calculate basic metrics, such as sequencing depth and 
genome coverage, to prepare for subsequent variant detection. For 
structural variant (SV) detection, Manta was used to identify SVs for 
each individual. SVs of the same type were merged across individuals 
based on genomic position and variant length to remove redundancy. 
Paragraph genotyping was employed to genotype each individual 
using the deduplicated SV results. At the population level, further 
deduplication was performed based on positional overlap criteria 
(50% for deletions; 90% for insertions, inversions, and duplications) 
and genotype consistency (population genotype consistency ≥ 0.95).

Quality control was conducted on the deduplicated SVs using the 
following filtering criteria: variant length (ABS (INFO/
SVLEN) ≤ 10,000,000), allelic frequency heterozygosity (INFO/
ExcHet) ≥ 0.05, missing rate (F_MISSING) ≤ 0.2, and minor allele 
frequency (INFO/MAF) > 0. The Plink software was used to calculate 
CNV frequencies across all individuals, and R (v4.2.0) was used for 
visualization. Custom Perl scripts were employed for CNV analyses 
specific to different groups. Finally, all CNVs were annotated 
using Annovar.

2.3 Population structure analysis and 
selective feature detection

The experimental animals were divided into high-litter-size (HL, 
n = 15) and low-litter-size (LL, n = 15) groups based on their lambing 
records. Selection signature detection was then performed on these 
two groups. To understand the genetic structure of the HL and LL 
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groups, principal component analysis (PCA) was conducted using the 
GCTA software (4) with the make-grm and pca commands. The PCA 
results were visualized using R software.

Next, two methods, genetic differentiation index (FST) and 
nucleotide diversity (θπ), were employed for selection signature 
analysis using VCFtools (v0.1.17). For FST analysis, a sliding window 
approach was applied with a 100 kb chromosome interval and a 10 kb 
step size. Subsequently, nucleotide diversity (π) values were calculated 
separately for each group, and the relative difference in nucleotide 
diversity between the groups was determined as log2(πHL/πLL). 
Candidate loci were identified by selecting those present in the top 1% 
of windows from both the FST sliding window analysis and the 
log2(πHL/πLL) sliding window analysis.

2.4 Functional annotation and pathway 
enrichment of candidate gene

The resulting data were filtered further after identifying 
candidate CNV loci within the selected regions based on the top 1% 
of FST sliding window analysis and log2(πHL/πLL). Goat gene 
annotation files were downloaded from the ENSEMBL database, 
and bedtools was used to annotate the candidate CNVs to their 
corresponding genes. Loci that were not enriched for genes or had 
negative FST values were excluded. Differential gene sets were then 
subjected to Gene Ontology (GO) and KEGG pathway enrichment 
analysis using the clusterProfiler package in R (v4.4.0). This analysis 
aimed to identify significantly enriched biological processes and 
pathways associated with the candidate CNVs.

3 Results

3.1 Identification and distribution of CNVs

Following variant detection and filtering, a total of 2,083 CNV 
sites were retained. All detected CNVs were deletions, and the 
identification statistics are presented in Figure  1. A length 
distribution analysis of all CNVs revealed that most loci fell within 
the 1–5 kb range. Functional annotation of CNV regions indicated 
that approximately 60.5% were located in intergenic regions, 23.8% 

in intronic regions, and only 10.9% in exonic regions. The 
proportions of CNVs in downstream (0.4%) and upstream (0.3%) 
regions were relatively low. CNVs related to non-coding RNA were 
also uncommon, with ncRNA exons accounting for 1.9% and 
ncRNA introns for 1.2%. Additionally, CNVs were identified in 3′ 
untranslated regions (3′ UTR, 0.4%), 5′ untranslated regions (5′ 
UTR, 0.2%), splicing sites (0.2%), and overlapping upstream and 
downstream regions (0.05%).

We analyzed the chromosomal distribution of CNVs and the 
number of CNVs at different frequencies in the HL and LL groups, 
and the results are shown in Figure 2. For statistical evaluation of the 
CNV distribution, we  performed a chi-square test for the CNV 
distribution of each chromosome in both groups with a Bonferroni 
correction for multiple testing. The results, summarized in 
Supplementary Tables S1, S2, indicated no significant differences in 
CNV distribution at the chromosomal level between the HL and LL 
groups. Furthermore, the frequency statistics of CNVs showed no 
significant differences between the two groups. It is worth noting that, 
the results of Fisher’s exact test showed that the frequencies of deletion 
CNVs were significantly different between the HL and LL groups in 
the frequency ranges of 0–0.1 and 0.2–0.3.

3.2 Analysis of group structure

The results of the principal component analysis (PCA) are 
presented in Figure 3. Despite some overlap between individuals from 
the HL and LL groups, the two groups display a distinct differentiation 
trend. This observation is corroborated by the phylogenetic tree in 
Figure 3, where all individuals are predominantly clustered into two 
separate branches, this also indicates that there is a clear differentiation 
between the two groups.

3.3 Selective signal analysis of HL and LL

The results of the selection signal analysis are presented in 
Figure  4. A total of 180 CNV loci were selected based on the 
relative difference in π values, log2(πHL/πLL), and the top 1% of 
FST. After annotation, 49 candidate genes (Table  1) were  
identified.

FIGURE 1

Identification statistics of CNVs. (A) CNV depth distribution. (B) Feature type distribution.
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3.4 GO and KEGG enrichment analysis of 
candidate genes

The primary significantly enriched pathways identified by GO and 
KEGG analyses are presented in Figure 5. A total of 59 KEGG pathways 
were enriched, including 14 significant pathways (p < 0.05), primarily 
associated with metabolism, hormones, signaling, and chemical 
carcinogenesis. The most significantly enriched pathway was ascorbate 
and aldate metabolism (chx00053). In the GO enrichment analysis, 532 
pathways were identified, of which 134 were significant (p < 0.05). 
Among these, 453 biological processes (BP), 24 cellular components 
(CC), and 55 molecular functions (MF) were enriched, primarily 
related to apoptosis, stress response, lipid metabolism, development 
and regeneration, signal transduction, protein interactions, gene 

expression, and repair. The most significantly enriched biological 
process was positive regulation of cell death (GO:0010942), the most 
significantly enriched cellular component was connexin complex 
(GO:0005922), and the most significantly enriched molecular function 
was glucuronosyltransferase activity (GO:0015020).

4 Discussion

4.1 Distribution of CNV

We conducted a statistical analysis of the distribution and types 
of CNVs between the HL and LL populations. The results indicated 
that only deletion CNVs showed a significant difference, suggesting 

FIGURE 2

Distribution statistics of CNVs. (A) The number of CNVs at different frequencies in the HL group. (B) The number of CNVs at different frequencies in the 
LL group. (C) The distribution of chromosome CNVs in the HL group. (D) The distribution of chromosome CNVs in the LL group.

FIGURE 3

(A) Phylogenetic tree. (B) Principal component analysis.

135

https://doi.org/10.3389/fvets.2025.1573093
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhao et al.� 10.3389/fvets.2025.1573093

Frontiers in Veterinary Science 05 frontiersin.org

that the deletion copy number may be associated with lambing traits. 
Previous studies have demonstrated that CNV deletions are linked to 
animal reproductive performance. For example, Zhang Ruiqian (5) 
conducted a comparative analysis of CNVs in goats with different 
litter size trait groups. They found that in the deletion CNV analysis 
of high-yield and low-yield groups, 173 genes were unique to the 
high-yield group, indicating that the missing CNV may be related to 
the high litter size of goats. Similarly, Ting Sun et al. (6) found that a 
CNV deletion in SPAG16 was associated with reproductive ability 
(semen motility) in bulls.

4.2 Population structure analysis and 
selection signal analysis

The phylogenetic tree and principal component analysis results 
revealed clear genetic differentiation between the HL and LL groups, 
indicating structural genetic differences between the high-yield and 
low-yield groups, warranting further investigation. We reviewed the 
relevant literature and compiled statistics for the 49 selected genes 
(Table 1). Among them, 16 genes were classified as unknown, with 
no relevant studies identified. Of the remaining 33 genes, 16 have 
been identified in the literature as being associated with animal 
reproduction, while the others are linked to diseases, organ 
development, and cell differentiation. Notably, TRNAC-GCA was 
selected as a candidate gene for fertility in Katahdin ewes through 
whole-genome selection signal analysis (7), while STXBP6 was 

identified as a candidate gene in a meta-analysis of key SNPs related 
to pig litter size. Additionally, several candidate genes have been 
implicated in the regulation of ovulation-related processes in animals. 
For instance, GJA4 (8) supports oocyte maturation, while the roles of 
LINGO1 (9) and PTGER3 (10) appear more complex and may 
involve regulatory or inhibitory functions during follicular 
development and angiogenesis. Half of the 33 known candidate genes 
have been implicated in reproduction, further supporting the 
accuracy of the results in this study.

4.3 GO and KEGG enrichment

During the enrichment analysis, we identified three GO pathways 
directly related to placental development: “placenta development,” 
“embryonic placenta morphogenesis,” and “cell differentiation 
involved in embryonic placenta development.” Previous studies have 
shown that placental traits in sheep are associated with litter size (11), 
and alterations in litter size can lead to a reduction in placental weight 
(12). Abnormal placental development also can result in the death of 
some embryos, thereby reducing litter size. Furthermore, the placenta 
secretes various hormones that regulate pregnancy maintenance and 
fetal development, which influence litter size. For example, the 
placenta secretes progesterone (13), and research has shown that 
progesterone plays a role in determining bovine oocyte quality and 
embryo development (14). Oocyte quality and embryo development 
are closely linked to litter size. The two most significant GO terms in 

FIGURE 4

Selection of signal analysis. (A) Fst and log2(πHL/πLL) for the top 1%. (B) Manhattan plot of all CNVs (Fst). (C) Manhattan plot of CNVs (π) for the LL 
group. (D) Manhattan plot of CNVs (π) for the HL group.

136

https://doi.org/10.3389/fvets.2025.1573093
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhao et al.� 10.3389/fvets.2025.1573093

Frontiers in Veterinary Science 06 frontiersin.org

the enrichment analysis were “connexin complex” and “gap junction,” 
both of which are critical components of cell-to-cell communication 
and closely linked to reproductive function. Studies on gap junction 
proteins in the female reproductive organs of mice have shown that 
certain connexins (such as CX43, CX37, and CX26) are vital for 
female reproductive function (15).

In the KEGG enrichment analysis, we identified several pathways 
directly related to animal reproduction, such as the Hippo Signaling 
Pathway, Steroid Hormone Biosynthesis, and Retinol Metabolism. 
Studies have shown that the Hippo signaling pathway plays a critical 
role in ovarian development, follicular development, and oocyte 

maturation (16). Steroid hormones, including estrogen, progesterone, 
and testosterone, are directly involved in regulating the reproductive 
system and serve as core pathways for reproduction, controlling 
follicular development, ovulation, and pregnancy maintenance (17). 
Additionally, retinol (vitamin A) plays a vital role in the reproductive 
system, particularly in regulating embryonic development (18), 
follicular maturation, and spermatogenesis (19).

Notably, when we created Sankey bubble plots for the GO and 
KEGG enrichment results, we identified three genes common to both 
plots: LOC102168522, LOC102183140, and LOC108633190. A review 
of the relevant literature revealed that, while the overexpression of 

TABLE 1  Candidate gene functions (References (8–10, 21–48) are all listed in the table in top and bottom order).

Gene Functionality Reference

GJA4

Reproduction

Maturation and developmental competence of bovine oocytes (8)

LINGO1 Bovine oocyte development (9)

PTGER3 Promotes the onset of ovulation in monkeys (10)

ZNF131 Inhibits estrogen signaling (21)

MIR186 Regulates Follicle Stimulating Hormone (FSH) Expression (22)

GJB3 Gene expression affects mouse embryo survival (23)

HNF4A Human Embryonic Stem Cell Differentiation (24)

KDM4C Mouse Embryonic Stem Cell Identity (25)

PCDH15 Mouse Embryonic Development (26)

SOX5 Involvement in mouse gonadal development (27)

AXIN2 Human Embryonic Stem Cell Self-Renewal (28)

STXBP6 Candidate Genes for Littering Traits in Pigs (29)

TRNAC-GCA Candidate genes for fertility in sheep (7)

STK17B Causes severe defects in porcine sperm acrosomes (30)

CEP112 Coordinate spermatogenesis (5)

DNAH7 Male reproductive disorders (sperm motility) (32)

ALDH5A1

Disease

Good predictor of ovarian cancer (33)

DGKE Causes kidney related diseases (34)

DLGAP3 Brain disorders (35)

GPLD1 New therapeutic target for chronic diseases (36)

PPP2R2B Inhibitors of Triple Negative Breast Cancer (TNBC) (37)

SERINC3 Limits HIV-1 Infectivity (38)

TRNAG-CCC Involved in inflammatory process of mastitis (39)

TTPAL Promotes gastric tumorigenesis (40)

UTRN Potential Biomarkers for Breast Cancer (41)

ZNF438 Polycystic Ovary Syndrome (PCOS) Candidate Genes (42)

ZRANB2 Involved in Adriamycin Resistance in Breast Cancer Cells (43)

BET1

Other

Regulates protein transport between the endoplasmic reticulum and the Golgi 

apparatus (44)

GJB4, GJB5 Mouse Epididymis Development (45)

KIAA0319 Human neuroepithelial cell development (46)

PKIG Osteoblast differentiation (47)

R3HDML Satellite cell proliferation and differentiation (48)

C19H17orf67, LOC102168522, LOC102179380, LOC102180243, LOC102180519, LOC102180784, LOC102183140, LOC102187692, 

LOC102188962, LOC102189228, LOC102189502, LOC102189778, LOC106501965, LOC108633190, LOC108638409, SMIM12 NA
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LOC102168552 has been shown to promote the growth of mammary 
epithelial cells (20), no studies have reported on the functional roles 
of the other two genes. We hypothesize that these three genes may 
be  associated with lambing performance in Guizhou Black goats; 
however, definitive conclusions can only be drawn through further 
in-depth investigation of these genes.

5 Conclusion

In this study, we  conducted a genome-wide selection signal 
analysis using the genetic differentiation index (Fst) and nucleotide 
diversity (θπ) to identify CNVs associated with lambing performance 
in Guizhou Black goats. A total of 2083 CNVs were detected in the HL 
and LL groups, and 180 CNVs were selected as potentially associated 
with lambing performance. Furthermore, we identified 49 candidate 
genes, including TRNAC-GCA, STXBP6, and GJA4, which may 
be linked to lambing traits.
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