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available (Ramya et al., 2021). Mere acquisition of markers 
through analysis lacks significance. It is crucial to investigate 
single nucleotide polymorphisms originating from the carrier 
genome, as these variants may be of great importance 
(Sinha et al., 2022). The observed variations can be linked 
to previously reported fertility quantitative trait loci (QTLs). 
Therefore, the current investigation was oriented towards 
devising a methodological strategy for detecting variations 
in two sample groups (high and low fertile) by alignment to 
the reference genome and determining read depth at variant 
positions, subsequently establishing a scientific approach 
for linking these variations with fertility quantitative trait loci 
(QTL). This systematic pipeline holds the potential to facilitate 

In t r o d u c t i o n

Microarrays were once prevalent, but with the emergence 
of high-throughput sequencing technologies, it became 

feasible to conduct in-depth examinations of the biological 
machinery (Özbek et al., 2021). The concealed information 
at various levels such as DNA, RNA and proteins could be 
scrutinized. Researchers have employed next-generation 
sequencing as a tool to sequence both DNA and RNA and by 
comparing with the available Bos taurus genome as a reference 
from sources like NCBI and Ensembl variation present can be 
understood (Whitacre et al., 2015). As time has progressed, 
the cost associated with sequencing has decreased, rendering 
this approach more accessible to researchers seeking to 
understand the variations within a specific scenario (Phillips 
et al., 2014). It is worth noting that, at a specific moment, a 
particular set of genes undergo expression, and it is also 
known that sperm is transcriptionally inactive (Ren et al., 2017). 
Therefore, RNA required for post-fertilization functions and to 
transfer genomic DNA from the male counterpart is packaged 
during spermatogenesis (Sahoo et al., 2021). 

An earlier investigation has been undertaken, elucidating 
the transcriptome profile within spermatozoa (Prakash et 
al., 2020). Additionally, an examination of the differential 
expression of transcripts between highly fertile and sub-
fertile bulls has been conducted (Saraf et al., 2021). Given that 
fertility is a pivotal trait crucial to the selection of superior 
breeding stock, it has been deemed a pivotal determinant 
influencing breeding programs (Haskell et al., 2014). RNA-Seq 
generates extensive large-scale data, necessitating a 
meaningful biological interpretation (Deshpande et al., 2023). 
To facilitate data analysis, multiple bioinformatics tools are 
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Ab s t r ac t
The utilization of high-throughput data sequencing has been instrumental in the generation of extensive datasets derived from diverse 
studies, with a primary focus on elements such as epigenetics, genomic variations, genome-wide associations, and differential gene 
expression in the context of bull fertility. However, the task of achieving effective prediction remains a formidable challenge. The current 
investigation aims to examine variations identified through RNA-Seq, with a particular emphasis on coding region alterations, and 
subsequently, map these variations to the region of genes associated with fertility functions and proximity. In this study, transcriptome 
analysis was carried over sperm samples obtained from 12 bulls, half of which exhibited high fertility (n=6) and the other half low fertility 
(n=6) based on their conception rates. Bioinformatics tools align the data; genetic variants were identified and mapped subsequently 
to known fertility quantitative trait loci (QTL). After filtering for fertility-specific single nucleotide polymorphisms (SNPs) with missense 
mutations, we identified a total of six significant biomarkers. This research demonstrates the efficacy of our innovative approach for 
screening genetic variants, ultimately leading to the identification of fertility markers within bovine spermatozoa.
Key words: Bovine spermatozoa, Fertility markers, Quantitative trait loci (QTL), RNA-seq, Single nucleotide polymorphisms (SNPs).
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the development of predictive markers for bull fertility in 
sperm analysis.

Mat e r i a l s a n d Me t h o d s

The present investigation was undertaken at Jain 
University Bengaluru, with experiments conducted at the 
Theriogenology Laboratory of the NDRI, Bengaluru.
Sample Source, RNA Extraction and Sequencing
Twelve experimental bulls, with Holstein Friesian crossbred 
genetics comprising 50-75 % exotic inheritance were 
chosen from a pool of 50 bulls through an assessment of 
their established fertility status. These bulls are consistently 
employed in an artif icial breeding program. Their 
categorization into high or low fertility (HF or LF, n=6 in 
each group) was determined according to their respective 
field conception rates (CR). Bulls exhibiting a CR Mean+1 
standard deviation (SD) were categorized as high-fertile (HF), 
while those with a CR Mean-1 standard deviation (SD) were 
classified as low-fertile (LF).

For RNA extraction, semen was purified using Percoll 
gradient (90-45 % discontinuous) centrifugation to eliminate 
the semen extender and epithelial cell contamination. 
Total RNA was extracted from frozen sperm using TRIzol 
(Ambion, Thermo Fisher Scientific, United States) (Parthipan 
et al., 2015) with minor modifications. Initiating from an initial 
concentration of 50-100 ng of total RNA extracted from each 
crossbred bull spermatozoa sample, the synthesis of cDNA 
was performed, utilizing a blend of oligo (dT) and random 
hexamers. This process was executed with the RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
United States, Catalog number K1622), adhering to the 
manufacturer’s guidelines to attain a final volume of 20 µL. 
Two representative cDNA samples were generated by mixing 
equimolar quantities of sperm cDNA from three HF and LF bulls 
each, and a comparable process was employed to produce 
two representative cDNA samples from six High- and six low-
fertility bulls. Following this, all these samples underwent 
analysis utilizing the Illumina Nextseq-500 sequencing 
system. Utilizing 1 µg of total RNA, mRNA enrichment was 
accomplished through the NEB Magnetic mRNA Isolation Kit 
(Illumina, USA). Subsequently, the transcriptome library was 
constructed employing the NEB ultraII RNA library prep kit 
(Illumina, USA) and subjected to sequencing on the Illumina 
Nextseq-500 (Illumina, USA). This process yielded a paired-
end sequencing format of 2 × 75 base pairs, resulting in 
the production of approximately 25 million raw reads per 
sequenced sample.
Read Processing, Alignment and Variant 
Identification of Bull Sperm
The initial stage following the acquisition of the raw reads 
entailed subjecting them to quality control analysis through 
FastQC (developed by Babraham Bioinformatics, UK). 
Subsequently, the reads underwent processing via Cutadapt 
(v2.8), a tool employed for the removal of adapter sequences 
and low-quality bases. 

Several tools capable of performing splice mappings, 
such as TopHat2, STAR, and HISAT2, are available. Among 
these, HISAT2 (v2.2.1) was employed for mapping against 
the reference genome (ARS-UCD1.2 – GCA_002263795.2).

To perform variant identification analysis, we quantified 
the number of mutational events using ‘bcftool v1.10.’ 
Subsequently, we applied ‘VCFtools v0.1.8’ to filter the 
identified variants, retaining those with a minimum Phred 
score (Q30) and a minimum coverage of 20 at each base 
depth. The ‘varFilter’ function was utilized to generate 
the filtered VCF file (Danecek et al., 2011). These identified 
filtered variants were subjected to annotation through the 
utilization of the VEP (Ensembl Variant Effect Predictor) 
and SnpEff program. The SNPs we uncovered were then 
compared against the reference bovine genome with the 
assistance of the general feature file (gff) database, and their 
functional effects were predicted using the VEP and SnpEff 
tool (Cingolani et al., 2012).
Fertility QTL and Identification of SNP Markers 
Associated with Fertility
The CattleQTL db, available at https://www.animalgenome.
org/, encompasses numerous traits, among which the 
reproductive traits are noteworthy. Within the realm of 
reproductive traits, the fertility trait exhibits a comprehensive 
array of 39 distinct trait attributes. The chromosomal 
locations corresponding to the QTL location were discerned 
in the total set of identified SNPs (comprising two samples 
each of high fertility and low fertility), as indicated in Table 
1. Consequently, the total number of variants residing within 
the fertility QTL was determined using SNP mapping to QTL 
location.

Fig. 1: A methodology for screening through a vast array of SNPs and 
pinpointing the ones that hold significance to bull fertility.

After individually mapping SNPs for each sample, our 
objective was to construct a matrix encompassing all four 
sequenced samples. This procedure proves invaluable in 
the identification of fertility-line-specific markers for the 
breed. Subsequently, the matrix was subjected to filtration to 
isolate SNPs exhibiting mutations in either the HF or LF group 
(Table 2). This matrix encompasses crucial data pertaining 
to the mutational effects. Markers were singled out based 
on whether they exhibited mutations either in both HF or 
LF samples, and an assessment was made regarding the 
deleterious or missense effects of these mutations. 

Figure 1 depicts the workflow for identifying significant 
SNPs associated with fertility.
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Re s u lt An d Di s c u s s i o n
In the present study, we evaluated the genetic variation 
profile of crossbred bull spermatozoa and detected distinct 
positional variant profiles between high- and low-fertile 
crossbred bulls. We utilized a specific method to study 
spermatozoa and to identify SNPs as potential fertility-line-
specific markers and the subsequent results along with 
possible explanations are discussed below. Different types 
of spermatozoal RNAs including rRNA, mRNA and both large 
and small non-coding RNAs are present. By employing RNA-
seq, a high-throughput sequencing method, it is possible to 
generate comprehensive transcriptomic profiles of sperm 
cells (Jodar et al., 2013). Furthermore, it is known that sperm 
carry various RNAs to the oocyte during fertilization, which 
likely influences fertilization, embryo development, the 
phenotype of the offspring and possibly future generations. 
Previous research reports are available where the differential 
expression was studied using RNA-Seq data (Prakash et 
al., 2021). As a result, RNA plays a crucial role in studying 
various groups and is associated with sperm function. High 
throughput sequencing resulted from Illumina Next Seq-500 
RNA sequencing gave the raw reads of ~29 million from the 
high fertile semen sample and ~28.5 million in the low-fertile 
sample. After processing raw reads processed reads of ~26 
million in high-fertile populations and ~23 million in low-
fertile populations were obtained. On mapping against the 
reference genome, a total of ~77k SNPs were detected in 
crossbred bull spermatozoa samples, with a minimum read 
depth of 20 reads for each SNP detection and a minimum 
read quality score of q30. Additionally, there were ~42k and 
~34k SNP variations found in HF and LF bulls, respectively. 

A high number of SNPs are achieved through sequencing, 
and the many associations of SNPs with male fertility have 
already been studied. Genes like MTHFR, FASLG and BRCA2 
contain variants, and it is evident that they are associated 
with male infertility, suggesting that SNPs in certain genes 
are a risk factor in azoospermia (Ghadrkhomi et al., 2021). 
Similarly, many genomic and exome analyses have been 
carried out in relation to fertility to screen for the maximum 
number of SNPs. The association of fertility traits with SNPs 
was made possible through Genome-Wide Association 
Studies (GWAS), which showed that the potential SNPs had 
non-synonymous mutation effects (Greither et al., 2022). 
The Cattle Quantitative Trait Locus Database (CattleQTLdb) 
contains curetted data from association studies (Hu et al., 
2021). The locus information obtained from CattleQTLdb 
is of great importance, as many numbers of SNPs have 
been obtained, and obtaining relevant SNPs from a list of 
approximately 77k, mapping to fertility cattle QTL, we found 
that ~23k SNPs mapped. Thus, by using high-quality data 
and mapping to reference genome and then subsequently 
mapping the SNPs to fertility QTL ~25k SNPs were seen in the 
HF group and ~21K SNPs in LF group (Table 1).

A novel approach was employed to identify significant 
SNPs that may vary between two groups. SNPs were mapped 
to QTLs in the four samples from the two groups and an SNP 
matrix was generated (Table 2). The effect of mutations is 
a key factor in identifying significant SNPs, along with the 
QTL association. Occasionally, mutations in the genome are 
observed. For example, in the region of BTA27 (29.7 - 39.7 
Mb), five missense mutations were identified, and low-fertility 
bulls carried a deleterious mutation (rs109302554, SIFT = 0.01) 
in the PLEKHA2 gene were reported previously (Abdollahi-
Arpanahi et al., 2021). 

In the present analysis, a total of 6 significant fertility 
line-specific markers were obtained (Table 2). The attributes 
that were considered for acquiring these SNPs were 
Consequence, IMPACT and SIFT score (using the VEP tool). 
Out of the six fertility line-specific markers, one missense 
mutation, BTA6:22016268 C>T, showed an identical effect 
in both LF samples and is related to calving ease. Calving 
ease is highly significant, as it determines the number of 
unassisted births a bull will produce when mated to heifers 
(Dhakal et al., 2013). Five fertility line-specific markers were 
observed in the HF sample. The QTLs observed in these five 
markers were identified as associated with gestation length, 
calving ease, dystocia and conception rate. These fertility 
QTLs and observed mutations are certainly associated with 
reproductive performance and the mutation effects from 
these SNPs incidents could be a positive and beneficial factor. 
They might be reasons for high fertility.

Co n c lu s i o n

The present study analyzes transcriptome data of spermatozoa 
using a novel approach to identify significant variants in the 
genes that regulate fertility. The research indicates that 
examining SNP, fertility QTL and the impacts of mutations 
collectively and the markers identified, i.e., UBE2D3, AP1G2, 
NAALADL2, FYB2 and TYR could be potential markers 
and bring a paradigm shift in the crossbred bull fertility 
assessment.
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