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Sex-sorted bovine semen is a major breakthrough in the dairy sector. The current flow cytometer-
based technology for sex-sorting of bovine semen is proprietary, slow, expensive, and associated with
lower conception rates. Therefore, developing alternative technologies is crucial for advancing milk
production globally through use of sexed semen. However, lack of a comprehensive omics dataset
hinders the ability to comprehend significant differences between the sorted sperm types and develop
robust biomarkers for sex-sorting. Here, we reported the RNA-Seq analysis of unsorted, X- and Y-sperm
in Bos indicus cattle. The differential gene expression analysis revealed significant upregulation of

47 genes in bovine Y-sperm and downregulation of 20 genes in comparison to X-sperm (adjusted p
value <0.05). Sixteen percent of the transcripts were unique to X-sperm, whereas 20.7% were unique
toY-sperm. The top 22 differentially expressed genes (DEGs) were validated using qPCR. A significant
up- or down-regulation was detected in 21 of the 22 genes when comparing bovine Y-sperm to X-sperm
(p<0.01 and p<0.05). The transcriptome dataset, the first in the league of bovine X- and Y-sperm, will
aid in biomarker discovery for sex-sorting of bovine semen and improved fertility outcomes.
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Abbreviations

DGE Differential gene expression

X-sperm X-chromosome bearing spermatozoa
Y-sperm Y-chromosome bearing spermatozoa
IncRNA Non-coding RNA

qPCR Quantitative polymerase chain reaction
cDNA Complementary DNA

PBS Phosphate buffer saline

TCEP Tris(2-carboxyethyl) phosphine

fg Femtogram

SE Standard error

HISAT Hierarchical indexing for spliced alignment of transcripts
FPKM Fragments per kilobase of transcript per million read pairs
CDH1 Cadherin 1

PRM1 Protamine 1

gDNA Genomic DNA

PTPRC Protein tyrosine phosphatase receptor type C
KIT Tyrosine—protein kinase

PCA Principal component analysis

GO Gene ontology

MF Molecular function

BP Biological process

CcC Cellular component

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
ICG Internal control gene
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KEGG Kyoto encyclopaedia of genes and genomes
COVID-19  Coronavirus disease-19

MAPK Mitogen-activated protein kinases

cAMP Cyclic adenosine 3’, 5'-monophosphate
GPCRs G protein coupled receptor

MRP4 Multidrug resistance protein 4

Sex-sorted semen in bovines is a groundbreaking development in the dairy industry. This technology allows
for a greater proportion of milk-producing animals (~90%) than conventional (unsorted) semen (~50%),
thereby increasing profits for the dairymen!. Additionally, it enhances resource-use efficiency, accelerates
genetic gain, and promotes animal welfare by reducing the number of undesired male calf births®. However,
the current flow cytometer-based technology for sex sorting of bovine semen is proprietary, slow, expensive,
and associated with lower conception rates’. Therefore, developing alternative technologies are crucial for
advancing milk production as a global public good. Ongoing research and developmental efforts aim to refine
this technology, making it more accessible and efficient and further solidifying its role in sustainable livestock
production®?. There are significant gaps in the omics knowledge bases concerning X- and Y-chromosome-
bearing spermatozoa (X- and Y-sperm) of cattle. The lack of a comprehensive omics dataset hampers the ability
to draw meaningful comparisons across livestock species and to develop robust biomarkers for sex-sorting of
bovine semen with improved conception rates. While some progress has been made using advanced techniques
such as RNA sequencing and mass spectrometry, these studies often focus on model organisms, leaving a gap
in our knowledge of agriculturally important species. Additionally, the dynamic nature of sperm and their
interactions with the female reproductive tract are not well understood, further complicating efforts to develop
more efficient sex-sorting methods. A detailed understanding of the molecular biology of X- and Y-sperm will
not only address these gaps but also contribute to broader fields of reproductive health and biology*°.

Recent studies on transcriptome profiles of unsorted sperm from various species such as Bos indicus have
debunked the notion that sperm is transcriptionally dormant. Comparative male fertility has been the primary
focus of these transcriptomics investigations®®. However, there is a paucity of research on the differential
expression of genes in bovine X- and Y-sperm. Suppression subtractive hybridization and cDNA microarray
analysis revealed 31 differentially expressed upregulated genes in bovine X- (27 numbers) and Y-sperm (4
numbers), respectively'?. The advent of advanced RNA sequencing technologies has revolutionized transcriptome
studies by minimizing the requirement of RNA quantities. By RNA sequencing study, it was deciphered that 492
genes are encoded by mouse X-chromosome as against only 15 genes by the Y-chromosome!'.

Earlier, we reported the proteomics of unsorted sperm and identified differential expression of plasma
membrane-associated proteins between X- and Y-sperm of indicus cattle!?. Here, we hypothesise differential
gene expression in bovine X- and Y-sperm which can serve as the basis for their segregation. Therefore, our
objective was to study the comparative transcriptome of unsorted and sexed bovine X- and Y-sperm with gene
ontology and pathway enrichment analysis and validate the differential gene expression. This report provides
novel insights into the complexities of sex differences in dairy cattle.

Methods

General information

Semen samples from bulls for unsorted, sex-sorted X and sex-sorted Y (n=3 bulls each for RNA-Seq) were
obtained from reputed bull semen stations. The semen samples of pedigreed Sahiwal bulls, a prized cattle
breed of India and Pakistan, of 4-6 years of age and high genetic merit were used for the present study. The
collected ejaculates qualified the minimum standards required for production of frozen semen as prescribed
by the Department of Animal Husbandry & Dairying, Ministry of Fisheries, Animal Husbandry & Dairying,
Government of India!®. The sperm were sorted following the principle of Beltsville Sperm Sexing Technology'*.
A high-speed BD influx cell sorter was used for sperm sorting process. The purity of the sexed semen (both X-
and Y-sorted) was approx. 90%. Six biological replicates (bulls) and three technical replicates were used for each
of the groups for qPCR validation. A minimum of two number of ejaculates per bull was taken, and the amount
of each ejaculate per bull was balanced for downstream applications. All methods were carried out in accordance
with the relevant guidelines and regulations and are reported in accordance with ARRIVE guidelines (https://a
rriveguidelines.org).

Experimental design and sampling

Three biological replicates (bulls) for each group viz., Conventional/unsorted (C1, C2, C3), sex-sorted X-sperm
(T1A, T1B, T1C) and sex-sorted Y-sperm (T2A, T2B, T2C) were used for RNA-Seq analysis. C versus T1, C
versus T2 and T1 versus T2 were the experimental conditions.

RNA extraction

RNA isolation was performed on pooled ejaculates from various bulls. The samples were first purified and washed
with phosphate buffer saline (PBS, pH 7.2). Total RNA was isolated via a protocol described previously by us'>.
In brief, sperm samples (10 million cells for each biological replicate) were homogenized and lysed with a lysis
buffer cocktail [0.1 ml of lysis buffer from the RNeasy Plus Mini Kit (Qiagen, USA), 0.9 ml of Qiazol (Qiagen)
and 0.1 ml of TCEP (Sigma, USA)]. This was followed by phase separation with 0.2 ml of chloroform. The
remaining steps were performed according to RNeasy Plus Mini Kit (Qiagen) protocol. The DNase treatment
was included. To rule out contamination by somatic cells, we performed molecular screening of the RNA used for
RNA-Seq and qPCR. For this purpose, we followed methods outlined by Selvaraju et al.®. Spermatozoal gDNA
contamination was checked using a set of intron-spanning primers for protamine 1 (PRM1I). To confirm that the
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RNA was free from other types of contamination, cell-specific intron-spanning primers for the Cadherinl gene
(CDHL, for epithelial cells), protein tyrosine phosphatase receptor type C gene (PTPRC, for leukocytes) and KIT
oncogene (KIT, for germ cells) were used. The primer sequences are provided in Supplementary Table 1. The
RNA was stored at — 80 °C for subsequent applications.

RNA-seq analysis

The NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs, USA) was used to prepare high-
quality libraries according to the manufacturer’s protocols, and paired-end sequencing reads of 150 bp were
generated with the Illumina HiSeq X sequencing platform. The raw reads were checked via FastQC!®. Fastp, an
ultrafast FASTQ preprocessor with useful quality control and data-filtering features, were used!”. A cut-off of 30
was set for the Phred quality score, and only high-quality reads were retained.

Mapping and alignment of reads to the Bos indicus genome

The reads were aligned against the NCBI Reference genome of Bos indicus (assembly Bos_indicus_1.0) by using
a fast and sensitive alignment program HISAT2'S. To understand the alignment quality, we checked several
parameters, including the percentage of mapped reads. The mapped reads were subsequently considered for
transcript assembly and quantification of transcript abundance by StringTie!®.

Transcript classification

The transcript count obtained from each sample was further used for the analysis of the differential expression
of transcripts between alternate conditions using DESeq2%°. The transcripts whose p value and adjusted p value
were less than 0.05 were selected for further analysis. The log2-fold change cut-offs of (+ 2) and greater for
upregulated transcripts and (-2) and lesser for downregulated transcripts were used in all three conditions (C vs
T1, Cvs T2 and T1 vs T2). The transcripts with FPKMs present in only one group were considered unique. The
differentially expressed spermatozoa transcripts between the alternate conditions were expressed as heatmaps,
volcano plots and PCA plots using online tools.

Gene ontology and pathway analysis

The obtained spermatozoa transcripts were subjected to gene ontology (GO) classification via the Panther
classification system (PANTHER 18.0) and the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) Bioinformatics Resources?!. The transcripts were classified into four categories: molecular
function (MF), biological process (BP), cellular component (CC), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway. Highcharts was used to create a donut pie chart representing the BPs, CCs, and
MFs of genes that are unique to bovine X-sperm and Y-sperm. Pathway enrichment was performed via enriched
KEGG functions and clusterProfiler. Using the open-source Cytoscape (version 3.10.1) platform, the ClueGo
(version 2.5.4) and Cluepedia (version 1.5.4) plugins were employed to analyse gene interactions, comprehensive
networks of integrated GO categories, and pathway analysis?2. We found several configurations representing a
network of interactions between related genes. Bos indicus genome served as the background for each analysis.

Validation of differential gene expression by qPCR

The top 22 differentially expressed genes (DEGs) in bovine Y-sperm (in comparison with X-sperm) were selected
and validated by qPCR using SYBR Green chemistry (Supplementary Table 1). Six or more bulls for each of
the experimental groups (unsorted, C; X-sorted, T1; and Y-sorted, T2) were used for qPCR analysis. GAPDH
was used as a reference gene in the qPCR for determining relative expression levels. The choice of GAPDH as
a reference gene was based on previous work?® that evaluated the expression stability of 10 commonly used
housekeeping genes in bovine spermatozoa and revealed GAPDH as the most stable internal control gene (ICG)
on the basis of the analysis by Genorm, NormFinder, Delta Ct and the comprehensive ranking using RefFinder.
GAPDH was also found to be stable across the experimental groups on the basis of Ct values and melt curve
analysis in the present study. The primer sequences for selected 22 genes are provided in Supplementary Table 1.
Statistical analysis of the gene expression data from the qPCR was performed by Student’s t-test using Microsoft
Excel.

Results

RNA yield and quality

An average yield of 60 fg of RNA per sperm cell was obtained, and it was confirmed that this RNA was devoid
of gDNA and other RNA impurities from somatic cells, leucocytes, and germ cells by molecular screening. DNA
from sperm cells served as a positive control (Supplementary Fig. 1).

RNA-seq analysis

The total filtered sequence counts for each biological replicate in the three groups used for the study are shown in
Supplementary Fig. 2. The average number of filtered reads obtained from unsorted, sex-sorted X- and Y-sperm
were 53.39+3.9, 47.75+2.2, and 26.80 2.6 million, respectively. The processed reads were aligned against the
NCBI reference genome of Bos indicus (assembly Bos_indicus_1.0) via the ultrafast splice-ware aligner HISAT218.
Details of the mapping read percentage per sample are given in Supplementary Table 2. The mapped reads were
further considered for transcript assembly and quantification of transcript abundance via stringtie'®. Transcript
counts obtained from each sample were further used for analysis of the differential expression of transcripts
between alternate conditions via DESeq2?°. The numbers of upregulated and downregulated transcripts found
in the three alternate conditions are given in Table 1. The list of all the differentially expressed transcripts in
Y-sperm vis-a-vis X-sperm is given in Supplementary Table 3, and the list of differentially expressed transcripts
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Upregulated Downregulated
Experiment | p<0.05 | adj. p<0.05 | p<0.05 | adj. p<0.05
Cversus T1 | 540 47 371 20
Cversus T2 | 2000 1128 2504 1722
T1 versus T2 | 737 77 1016 91

Table 1. The number of differential transcripts obtained via DSEQ2 analysis for p and adjusted (adj.) p values
less than 0.05 for each experimental condition. C—Unsorted sperm, T1- X-sorted sperm and T2-Y-sorted
sperm.

in X- and Y-sperm of Bos indicus bulls compared to unsorted sperm are given in Supplementary Tables 4 and 5.
The volcano plot generated by using a DESeq2 dataset, with default log fold-change thresholds of -2 and + 2 and
an adjusted p value threshold of 0.05, is shown in Fig. 1. The top 50 differentially expressed sperm transcripts
were plotted via a heatmap (Fig. 2). Principal component analysis (PCA) of differentially expressed genes was
performed on biological replicates of each group to evaluate variance (Fig. 3). A Venn diagram of the unique
gene expression data is shown in Fig. 4.

Transcript distribution in X- and Y-sperm

We found that 16% of the transcripts were unique to cattle X-sperm and 20.7% were unique to Y-sperm. The
percentage of common transcripts between cattle X- and Y-sperm was 63.3% (Fig. 4¢). A total of 175 transcripts
were differentially expressed in cattle Y-sperm compared with X-sperm of which nine transcripts were classified
as noncoding (IncRNA) (five nos. upregulated and four nos. downregulated), 152 as protein-coding (67 nos.
upregulated and 85 nos. downregulated), 10 as pseudogenes (four nos. upregulated and six nos. downregulated),
and four as transcribed pseudogenes (one no. upregulated and three nos. downregulated). Among the transcripts
unique to Y-sperm, 53 nos. were located on the Bos indicus Y-chromosome, while among the transcripts unique
to X-sperm, 200 nos. were located on the Bos indicus X-chromosome. The complete set of SRA data of sex-sorted
and unsorted sperm of indicus cattle is available at NCBI (BioProject PRINA976949).

Gene ontology (GO) analysis

The GO analysis of the upregulated genes revealed their involvement in various molecular functions (MFs),
biological processes (BPs), cellular components (CCs), and KEGG pathways across different comparisons: for
C versus T1, the genes were involved in 6 MFs, 3 BPs, 4 CCs, and 5 KEGG pathways (Fig. 5a); for C versus T2,
they were involved in 8 MFs, 13 BPs, 11 CCs, and 15 KEGG pathways (Fig. 5b); and for T1 versus T2, they were
involved in 7 MFs, 5 BPs, 4 CCs, and 5 KEGG pathways (Fig. 5¢). Additionally, GO analysis of genes unique to
X-sperm showed their involvement in 14 MFs, 11 BPs, and 6 CCs (Fig. 6a), while genes unique to Y-sperm were
involved in 8 MFs, 10 BPs, and 4 CCs (Fig. 6b).

Pathway enrichment analysis
The pathway enrichment of the transcripts upregulated in cattle X-sperm in comparison with the unsorted
sperm alluded to involvement in the coronavirus disease-COVID-19 pathway (15 counts) and ribosome pathway
(11 counts). The transcripts upregulated in cattle Y-sperm compared with unsorted sperm indicated their
involvement in the herpes simplex virus 1 infection pathway (88 counts) and glycerophospholipid metabolism
pathway (24 counts). The transcripts upregulated in cattle Y-sperm in comparison with X-sperm indicated
their involvement in metabolic pathways (111 counts) and the regulation of the actin cytoskeleton pathway (19
counts).

The pathway enrichment of genes unique to cattle X-sperm revealed their involvement in pathways related
to cancer (KEGG: 05200, 54 counts) and the MAPK signalling pathway (KEGG: 04010, 31 counts) (Fig. 7).
The transcripts unique to Y-sperm indicated involvement in purine metabolism (KEGG: 00230, 10 counts), the
calcium signalling pathway KEGG:04020, 7 counts) and the cAMP signalling pathway (KEGG: 04024, 7 counts)
(Fig. 8).

Validation of differential gene expression in cattle X- and Y-Sperm

The 22 differentially expressed genes (DEGs) were validated using qPCR. Ten upregulated and 12 downregulated
genes in cattle Y-sperm compared with X-sperm were selected based on log2fold changes from DSEQ?2 analysis.
The biological significance of the validated genes is presented in Table 2. The primers for the selected genes were
designed by Primer BLAST from NCBI (Supplementary Table 1) and validated using SYBR Green chemistry.
The log2fold change was calculated by using the 2744t method*®. The means + SEs of the fold changes in gene
expression are shown in Fig. 9. The results revealed significant up-/down-regulation of the selected genes (21
out of 22) in bovine Y-sperm compared with X-sperm (p <0.01, except for the NAPRT, VWC2 and MVP genes,
p<0.05).

Discussion

The discernible difference between X chromosome-bearing sperm and Y chromosome-bearing sperm is the
quantity of DNA in the sex chromosomes?’. Since the X chromosome has more DNA than the Y chromosome
does in mammals, there may be differences in the amount of resultant RNA. Previous works have demonstrated
that transcripts or gene products are shared between X- and Y-sperm through intercellular bridges during
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Fig. 1. Visualization of the differential transcripts via a volcano plot. (a) Unsorted and X- sorted cattle sperm.
(b) Unsorted and Y-sperm. (c) X- and Y-sperm. The X-axis represents logarithmic fold changes in expression
(log2FC), whereas the Y-axis represents the negative decimal logarithm of the P values. The horizontal line
refers to the negative logarithmic P value cut-off (P=2). The vertical lines mark the fold change cut-offs
(log2FC>2).
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Fig. 2. Heatmap of the top 50 differentially expressed transcripts between (a) unsorted (C1, C2, C3) and
X-sperm (T1A, T1B, T1C), (b) unsorted and Y-sperm (T2A, T2B, T2C), and (c) X- and Y-sperm.

spermatogenesis that may or may not be carried forward to mature sperm*. However, not all of these products
are likely transferred across the intercellular bridge®. The current study reports differential and unique gene
expression in X- and Y-sperm of bulls, which are original inputs for the differences at the gene/transcript
level between X- and Y-sperm. The protein coding transcripts Cathepsin B, Histone H2A, Calmodulin and
Glyceraldehyde-3-phosphate dehydrogenase, testis-specific were found unique to bovine X-sperm whereas
protein coding transcripts Elongation factor 1-alpha 1 and Chromodomain-helicase-DNA-binding protein
1 were upregulated in bovine Y-sperm. These are in agreements with our proteomic studies'>*°. Previously,
a combination of suppression subtractive hybridization (SSH), cDNA microarray, and sequence-homology
analysis identified 27 and four genes upregulated in bovine X- and Y-sperm (Bos taurus), respectively'®. The
abundance and diversity of small noncoding RNA (SncRNA) profiles were reported to vary between bull X- and
Y-sperm®.

The GO analysis revealed that the cellular component (60%) was the major portion of the GO categories
enriched with unique genes in X-sperm while the unique genes in Y-sperm were enriched in molecular functions
(67.3%). The same trend was observed for the genes whose expression was upregulated in Y-sperm compared
with X-sperm. The top GO term for the genes unique to Y-sperm was G-protein coupled receptor activity (GO:
0004930, 24.5%), which is associated with ME The G protein-coupled receptors (GPCRs) constitute the largest
family of receptors with seven transmembrane domains and regulate various physiological processes. The known
sperm-associated GPCRs are olfactory receptors. They are also involved in fertility and induce bovine sperm
acrosome reactions®’. Our findings suggest that certain olfactory receptors may be exclusive to cattle Y-sperm
(Fig. 6B). These receptors may serve as targets for various interactions involving ligands and receptors, which
could be utilised for segregation of bovine Y-sperm.

The pathway analysis of genes unique to bovine Y-sperm revealed their involvement in signalling pathways
(calcium signalling pathway (KEGG: 04020) and cAMP signalling pathway (KEGG: 04024)), which are important
for sperm motility. Purine metabolism (KEGG: 00230, 10 counts), which has been shown to potentially influence
bull fertility, also involves genes unique to Y-sperm™. The essential role of cAMP signalling pathways is in the
activation of sperm motility and in the induction of the vigorous asymmetrical movement (i.e., hyperactivated
motility) necessary for the fertilization of sperm. cAMP efflux through Multidrug resistance protein 4 (MRP4)
regulates sperm motility in bull spermatozoa®>.

Twenty-two DEGs were validated in the present study. The genes upregulated in Y-sperm are reported to be
involved in energy metabolism (PKLR, D2ZHGDH), membrane transport (ATP13A2, TMEM143, TMEM168),
and transcriptional regulation and RNA processing (HNRNPULI, RUNX1T1, ELAVL4) (Table 2). This suggests
that the Y-sperm has robust metabolic rate, ion transport or membrane dynamics than X-sperm. Upregulation
of the above genes in Y-sperm may explain their higher velocity compared to X-sperm>. In contrast, genes
downregulated in Y-sperm are associated with structural components (NUP214, EMILIN2, MINPP1, LRRC27,
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Fig. 3. Principal component analysis (PCA) plots generated from DeSeq2 showing variation within and
between groups. (a) Unsorted (control) and X-sperm (treatment). (b) Unsorted (control) and Y-sperm
(treatment). (c) X-(control) and Y-sperm (treatment).
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Fig. 4. Venn diagram representing the sperm transcripts in (a) Unsorted (C) and X-sperm (T1), (b) Unsorted
(C) and Y-sperm (T2), and (c) X- (T1) and Y-sperm (T2).

DZIP1L) and cellular stress response (NAPRT, MVP, CA14). This suggests that Y-sperm may have lower stress

resilience as they are structurally less robust, making them more vulnerable to unfavorable conditions®.

Conclusion

We deciphered the transcriptomes of X- and Y-chromosome-bearing sperm of indicus cattle (Bos indicus)
and identified and validated the differential transcripts between them. Among the transcripts found unique
to Y-sperm, 53 genes were located on the Bos indicus Y chromosome, while among the transcripts unique to
X-sperm, 200 genes were located on the Bos indicus X chromosome. Gene Ontology (GO) analysis revealed that
unique genes in cattle X-sperm are mostly associated with cellular components, whereas the unique Y-sperm
genes are more involved in molecular functions. Pathway analysis revealed that unique cattle Y-sperm genes are
involved in critical signalling pathways, such as calcium and cAMP signalling, which are vital for sperm motility
and fertility. Our omics data will help biomarker discovery for sex sorting of bovine semen.
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Fig. 5. Top Gene Ontology terms in different categories: (a) unsorted and X-sperm, (b) unsorted and Y-sperm,
(c) X- and Y-sperm.

Scientific Reports|  (2025) 15:14593 | https://doi.org/10.1038/s41598-025-99438-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Top gene ontology (GO) categories unique to X-sper

G0:0004908-~interleukin-1 receptor activity: 0.2%
e G0:0017061~S-methyl-5-thioadenosine phosphorylase activity: 0.2%
G0:0003678~DNA helicase activity: 0.5%
G0:0031267~small GTPase binding: 0.9%
G0:0016301~kinase activity: 19%
(GO:0046982~protein heterodimerization activity: 2 6%

G0:0004984~olfactory receptor activity: 13.2%

g of 5%~

MolecularEunction)

[CelllTar/component(6074);

G0:0004930~G-protein coupled receptor activity: 14 2%
G0:0000932~P-body: 0.2%

618 caler oz
3 1 process: 0.3%
\ /// G0:0007517~muscle organ development: 0.3%
\\y G0:0009116~nucleoside metabolic process: 0.5%
GO:! gl lion of actin filament i 0.3%
'GO:0006406~mRNA export from nucleus: 0.9%
GO:0006351~transcription, DNA-templated: 0 9%
GTPase igH 11%
\ GO:0048513~animal organ development: 16%
G0:0005838~proteasome regulatory particle: 0.2%
‘G0:0005886~plasma membrane: 156% 'G0:0000786~nucleosome 6%
Highcharts.com
Top gene ontology (GO) categories uni to Y-spermat:
GO:0019789~SUMO transferase activity: 05%
'G0:0006355~regulation of transcription, DNA-templated: 11% G0:0042393~histone binding: 0
\ G0O:0042626~ATPase activity, coupled to transmembrane movement of substances: 0.7%
G0:0007049~call cyc} G0:0030145~manganese ion binding: 0 7%
(GO:0006334~nucleosome assembly: 1.9% aminopeptidase activity: 0.7%
G0:0008380~RNA splicing: 1 4% L\\f\\ (GO:0016779~nucleotidyltransferase activity: 0.9%
1% N (G0:0004869~cysteine-type endopeptidase inhibitor activity: 0.9%
G0:0006883~ER to Golgi vesicle-mediated transport: 0.9% * G0:0003743~translation initiation factor activity: 2%
GO0071345~collular response to cytokine stimulue: 0.7% \ G0:0008168~methyltransferase activity: 2 9%
GO:0032543~mitochondrial translation: 0 6% 'GO:0016787~hydrolase activity: 2 9%
Balancehai ntigen via MHC class II: 0.5% ofpoptideior”__ GO:0004252~serine-type endopeptidase activity: 4%
'GO:0003735~structural constituent of ribosome: 4.4%
GO:0035278~miRNA mediated inhibition of translation: 0.5%
'G0O:0043408~regulation of MAPK cascade: 0.3%
GO:0005840~ribosome: 4 3%
[Cellulacomponenti(dd!
G0:0005730~nucleolus: 3% -—/'-
rial outer 14% —
'GO:0012505~endomembrane system: 0.9%
s i GO:0004984~olfactory receptor activity: 21.6%
G0:0000932~P-body: 0.7%
'G0:0004930~G-protein coupled receptor activity: 24.5% /
Highcharts.com

Fig. 6. Top Gene Ontology terms in different categories: (a) unique to X-sperm, and (b) unique to Y-sperm.
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SL.no | Gene Gene name Biological significance
1 D2HGDH D-2-Hydroxyglutarate D2HGDH is a mitochondrial enzyme that catalyses the oxidation of D-2-HG to a-KG*..
Dehydrogenase
ATPase Cation Transporting Polyamine-transporting ATPase 13A2 is highly expressed gene in spermatocytes and spermatids with possible role in
2 ATP13A2 e-tra
13A2 male fertility®.
. This gene catalyses the transphosphorylation of phosphoenolpyruvate into pyruvate and ATP, which is the rate-
3 PRIR Pyruvate Kinase L/R limiting step of glycolysis. Pyruvate kinase M in germ cells is essential for sperm motility and male fertility?®.
4 TMEMI143 | Transmembrane Protein 143 Functions as a crltlca% 51gnall'1ng component in medlatl.ng NF—kappz;;B activation. Limited information is available
regarding TMEM143’s function in sperm or reproductive processes®’.
5 CHST11 fla rbohydrate Sulfotransferase CHST11 is suggested to play an important role in cartilage and bone development in embryos?.
H This gene encodes a nuclear RNA-binding protein of the heterogeneous nuclear ribonucleoprotein (hnRNP) family.
eterogeneous Nuclear B - . ) : ) )
6 HNRNPULLI | 5. ) . hnRNP family proteins in adult male germ cells are highly expressed in the male reproductive system, suggesting their
Ribonucleoprotein U-Like 1 - L 29
significant function in male germ cell development*’.
. This gene encodes a member of the myeloid translocation gene family which interact with DNA-bound transcription
RUNXI1 Translocation ) s - . .
7 RUNXIT1 P factors and recruit a range of corepressors to facilitate transcriptional repression. This gene was found to be expressed
artner 1 . . L - i 30
in low-fertile buffalo bull sperm suggesting its involvement in fertility”’.
Transmembrane proteins in sperm play a critical role in sperm-oocyte interaction and fusion, essential for fertilization,
8 TMEM168 Transmembrane Protein 168 by mediating binding, signalling, and ultimately, the fusion of sperm and egg membranes>"32, The role of TMEM168 in
sperm or reproductive biology has not been characterized yet
9 ELAVL4 ELAV Like RNA Binding Enables mRNA 3’-UTR AU-rich region binding activity; poly(A) binding activity; and pre-mRNA intronic
Protein 4 pyrimidine-rich binding activity. ELAVL4/HuD ameliorates Alzheimer’s disease-related molecular changes*
Spermatogenesis Associated Spermatogenesis-associated (SPATA) genes are correlated with infertility**. However, there is an absence of specific
10 SPATA21 X L 1
21 investigations elucidating the role of SPATA21
Nicotinic acid (NA; niacin) is converted by nicotinic acid phosphoribosyl transferase (NAPRT; EC 2.4.2.11) to NA
- mononucleotide (NaMN), which is then converted to NA adenine dinucleotide (NaAD) and finally to NAD, which is
Nicotinate . . . . . g
11 NAPRT - a coenzyme in cellular redox reactions and essential to many cellular metabolism processes, including stress response.
Phosphoribosyltransferase Nicoti ) - ] PR .
icotinamide phosphoribosyl transferase levels are found to be increased in immature sperm compared with mature
sperm®>3¢,
2 CAl4 Carbonic Anhydrase 14 Carbonic Anhydrases ITand IV in sperm are key enzymes in the re'gullatlosr; of sperm motility and essential for the
HCO3 - -mediated beat frequency increase during early sperm activation
Von Willebrand Factor C VWC2 (Von Willebrand Factor C Domain Containing 2) is a protein coding gene having role in sperm motility by
13 VweC2 . . . ST
Domain Containing 2 regulating REC8 in chicken
The nuclear pore complex is a massive structure that extends across the nuclear envelope, forming a gateway that
14 NUP214 Nucleoporin 214 regulates the flow of macromolecules bereen the nucleus and the cytoplasm_. Nucleoporins are the main components
of the nuclear pore complex in eukaryotic cells. These complexes have a crucial role as spermatogenesis leads to a
reduced nuclear pore structure and function®
15 EMILIN2 Elastin Microfibril Interfacer 2 Expressed in a variety of tissues, includi.ng the egr}y ;:;)nceptus and embryo mesenchyme and is predicted to enable
extracellular matrix constituent conferring elasticity*’.
. . This gene encodes the major component of the vault complex. The encoded protein may play a role in multiple cellular
16 MVP Major Vault Protein processes by regulating the MAP kinase, JAK/STAT and phosphoinositide 3-kinase/ Akt signalling pathways?’.
17 MINPP1 Multiple Inositol- This gene encodes multiple inositol polyphosphate phosphatase; an enzyme that removes 3-phosphate from inositol
Polyphosphate Phosphatase 1 | phosphate substrates. Potentially related to the decreased efficiency of sperm storage tubules with aging*’.
18 ZNF341 Zinc Finger Protein 341 Enables DNA bm('img activity and DNA—bmdmg transcription activator activity. The zinc finger gene family repres'ﬂ:fs
one of the largest in the mammalian genome, with several of these genes reported to be involved in spermatogenesis*'.
Leucine Rich Repeat Involved in primary cilium formation and have a possible anchoring role in sperm flagellum formation together with
19 | DzIPIL e -
Containing 27 Fam92*%,
Predicted to be active in cytoskeleton. The Leucine-rich repeat protein (LRRC) family of genes have been associated
20 LRRC27 XM_019953140.1 with male fertility (LRRC46). However, LRRC27 have not been characterized yet*.
The CMKLRI1 gene, which encodes the chemokine-like receptor 1 (ChemR23), is implicated in reproduction,
21 CMKLR1 Chemokine Like Receptor 1 particularly within the chemerin signalling system that influences energy metabolism and female reproductive
activities, potentially affecting male fertility**.
The RBM20 gene encodes an RNA-binding protein that modulates mRNA splicing, especially in cardiac and skeletal
22 RBM20 RNA Binding Motif Protein 20 | muscles, with mutations associated with dilated cardiomyopathy (DCM) and possibly hypertrophic cardiomyopathy
(HCM). The characterisation and function of RBM20 gene in sperm are still unknown®%.

Table 2. The biological significance of the differentially expressed genes validated through qPCR.
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Fig. 9. Log2-fold change in the expression of selected (a) upregulated and (b) downregulated genes in bull
Y-sperm (in comparison to X-sperm). *p <0.05; **p <0.01.
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