
Identifying potential genetic 
biomarkers for sperm dysfunction 
through whole-genome sequencing
Muhammad Riaz Khan1, Aftab Ali Shah1, Mohammad A. Al Smadi2, Nicole Ludwig3, 
Ulrike Fischer3, Hashim Abdul-Khaliq4, Eckart Meese3 & Masood Abu-Halima 3,4

Infertility affects approximately 15% of couples globally, with male factors contributing to nearly 50% 
of cases. However, the genetic basis of male infertility, particularly idiopathic forms, remains poorly 
understood. In this study, we performed whole-genome sequencing (WGS) on eight normozoospermic 
men and nine men with oligozoospermia, asthenozoospermia, or both, followed by Sanger sequencing 
for validation. Comparative analysis revealed a higher burden of genomic variants in the sperm 
dysfunction infertility group (SDIG) than in the normozoospermic group (NG). Several nonsynonymous 
missense variants were exclusively identified in SDIG, including DNAJB13 (p.Ile159Asn), MNS1 
(p.Asp217Asn), DNAH6 (p.Ser2210Leu), HYDIN (p.Gly901Ala, p.Arg568Trp), DNAH7 (p.Arg1486His, 
p.Gly171Arg, p.Ser2368Phe), DNAH17 (p.Ala3135Val), and CATSPER1 (p.Arg558Trp). These variants 
are predicted to affect protein structure, stability, or interactions, and were classified as variants of 
uncertain significance. Moreover, several variants were classified as likely pathogenic: a frameshift 
mutation in DNAH2 (p.Lys1414ArgfsTer29) likely resulting in a truncated protein, a missense mutation 
in CFAP61 (p.Arg568Trp) predicted to impair protein function, and two nonsense mutations in FSIP2 
(p.Gln5809Ter and p.Cys8Ter) introducing premature stop codons. These alterations implicate key 
components of sperm flagellar function and motility. Our findings reveal novel and potentially 
deleterious genetic variants associated with male infertility, offering new insights into its molecular 
underpinnings and informing future diagnostic and therapeutic approaches.
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Infertility is a widespread global concern, affecting approximately 15% of couples during their reproductive 
years, equating to about one in every six couples1,2. Male factors contribute significantly to this issue, 
accounting for roughly 30% of infertility cases1,2. The World Health Organization defines male infertility as 
the inability to achieve pregnancy despite regular, unprotected intercourse over a period of at least 12 months. 
Furthermore, 30% to 45% of male infertility cases involving unexplained semen abnormalities are classified 
as idiopathic2,3. Recent advancements in genomic research have provided valuable insights into the complex 
genetic underpinnings of reproductive health. These advances are primarily driven by the integration of cutting-
edge techniques, such as proteomics, transcriptomics, and microRNA studies, alongside a thorough analysis of 
their functions4–8. An integrative multi-omics method through proteomics, transcriptomics, and small-RNA 
profiling constantly showed higher payoff in biomarker discovery in infertility compared to single-layer analyses, 
by repeatedly converging on pathways and candidates across data types4–8. Recent reviews in male infertility 
showcase how cross-omics concordance allows prioritization of genes/regions to be subjected to deeper genomic 
interrogation and hence restricts whole-genome sequencing (WGS) to functionally implicated networks and 
loci. Multi-omics atlases of sperm structure and function (e.g., the flagellar ‘microtubulome’) illustrate how 
proteome–transcriptome–interactome signals may identify high-confidence candidates and then guide variant 
prioritization in WGS9–11.

Given the complexity of spermatogenesis and the numerous genes involved, it is likely that genetic factors play 
a significant role in male infertility, contributing to approximately 15% of cases12,13. Consequently, unravelling 
the genetic basis of male infertility is a key focus, with identifying specific genes and mutations being crucial for 
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developing targeted diagnostic tools and personalized treatment strategies. Research has increasingly focused on 
the role of genetic mutations in sperm production and quality, establishing genetic testing as a standard diagnostic 
tool for certain patients14. However, these tests identify the underlying cause in only about 20% of cases, leaving 
the remaining 80% categorized as idiopathic. This highlights the limitations of current genetic testing and the 
need for more effective diagnostic methods. Despite extensive testing, around 40% of infertility cases related to 
impaired spermatogenesis remain unexplained, underscoring a significant gap in our understanding and the 
necessity for more advanced testing techniques14,15. To address this gap, research has examined over 2,000 genes 
involved in spermatogenesis, their roles and developed more precise diagnostic and therapeutic approaches7,8,16. 
Identifying specific genetic mutations could enable personalized treatments, leading to better fertility outcomes. 
Advances in sequencing technologies, particularly Next-Generation Sequencing (NGS), have shown promise 
in identifying potential biomarkers for diagnosing spermatogenesis-related issues17,18. However, these methods 
have not yet revolutionized diagnostic practices.

Recent studies have identified several key genes associated with different forms of male infertility. For instance, 
mutations in the DNAJB13 gene have been linked to male infertility issues, including teratozoospermia, a condition 
where sperm exhibit abnormal morphology19,20. These mutations have also been associated with Primary 
Ciliary Dyskinesia (PCD), a genetic disorder that affects ciliary function and can contribute to infertility21. In 
addition, MNS1, another gene implicated in male infertility, has been found to harbor mutations associated with 
severe oligoasthenoteratozoospermia, a condition characterized by low sperm count, poor sperm motility, and 
abnormal morphology22,23. Genes involved in sperm flagella formation also play a critical role in male fertility. 
Mutations in DNAH2 lead to abnormalities in sperm flagella, resulting in asthenoteratozoospermia, which is 
characterized by poor sperm motility and abnormal flagella structure24,25. Similarly, mutations in DNAH6, a gene 
from the same family, have been linked to male infertility and asthenoteratozoospermia, particularly in certain 
populations, such as the Indian population, where DNAH6 and ATPase6 mutations have a significant impact on 
fertility26. Moreover, genes such as DNAH7, DNAH8, DNAH9, and FSIP2 have been associated with primary 
infertility, and mutations in DNAH17 and CFAP61 contribute to defects in sperm morphology, particularly in 
the sperm flagella17,27,28. Recent studies have also uncovered the role of FSIP in sperm acrosome development, 
where mutations in this gene may lead to globozoospermia, a condition characterized by round-shaped sperm 
that are unable to fertilize eggs29. Additionally, reduced expression of CatSper1 and CatSper3, genes responsible 
for sperm motility, has been observed in men with asthenoteratozoospermia, leading to poor sperm quality and 
fertility challenges30.

In terms of investigating spermatogenesis and male infertility through NGS, both sperm-derived and 
blood-derived DNA offer distinct advantages and challenges. DNA isolated from sperm is directly linked to 
the abnormalities observed in sperm or testicular samples, providing valuable insights into genetic variations, 
mutations, and epigenetic modifications in germ cells31,32. However, the collection process can be difficult, 
and the samples may exhibit increased variability due to the presence of contaminating cells, such as those 
from the seminiferous epithelium, somatic cells, or leukocytes33. In this study, we aim to identify clinically 
relevant pathogenic, likely pathogenic, and uncertain significant variants in sperm samples from men with 
infertility or subfertility. Whole genome sequencing (WGS) was performed on sperm cells from eight men 
with normozoospermia (normal sperm parameters) and nine men who presented with reduced sperm count, 
impaired sperm motility, abnormal sperm morphology, or a combination of these infertility-related factors. The 
primary goal of our research is to uncover genetic variants in the sperm samples of infertile men, including the 
discovery of novel variants. By identifying these genetic factors, this approach will enhance our understanding 
of the underlying causes of male infertility and contribute to the development of improved diagnostic tools.

Materials and methods
Collection and purification of samples
The samples used in this study were collected from male partners of couples undergoing infertility treatment. All 
male participants had been experiencing infertility and were unable to conceive after at least 12 months of trying. 
Sperm samples were collected using a standardized procedure to ensure consistency across the cohort, with 
each participant following the same collection and handling protocol. The study was conducted after obtaining 
informed and written consent from all participants and was approved by the Institutional Review Board of the 
Saarland Medical Association, Saarland, Germany, adhering to ethical guidelines and the Declaration of Helsinki. 
Two main groups were included: the Normozoospermic Group (NG), consisting of eight men with normal 
spermiogram results, and the Sperm Dysfunction Infertility Group (SDIG), comprising nine men with conditions 
such as reduced sperm count (oligozoospermia), diminished sperm motility (asthenozoospermia), abnormal 
sperm morphology (teratozoospermia), or a combination of these conditions (oligoasthenoteratozoospermia). 
None of the men in the NG group exhibited teratozoospermia, and all demonstrated normal sperm morphology, 
with at least 4% of the sperm exhibiting normal morphology. Semen samples were analyzed following the World 
Health Organization (WHO) 2010 guidelines, incorporating various parameters to assess the normality and 
subnormality of spermiograms in both groups. To purify the samples and remove somatic cells and debris, 
45%-90% PureSperm gradients were used, and the samples were centrifuged at 500 g for 20 min. The pellet 
was washed twice with Ham-F10 medium containing serum albumin and antibiotics, then overlaid with more 
medium. Samples were incubated at 37 °C, and after 45 min, the supernatant was separated from the pellet, as 
previously described5. WGS was performed on the sperm samples, and variants were validated using Sanger 
sequencing.

Isolation of DNA for subsequent whole-genome sequencing
The extraction of genomic DNA from sperm was conducted using the QIAamp® DNA Mini Kit (Qiagen). The 
samples were centrifuged at approximately 500 x g for 15 min, with this process repeated five times to ensure 
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comprehensive washing and concentration of the sperm. The washed sperm were then used for DNA isolation, 
following the manufacturer’s protocol with slight modifications. These adjustments improved the efficiency of 
DNA release and resulted in higher yields with better purity and integrity, making the material more suitable for 
downstream WGS analysis. Briefly, 100 µl of sperm eluted in Dulbecco’s Phosphate Buffered Saline (DPBS) was 
combined with 100 µl of Buffer X2 [20 mM Tris·Cl (pH 8.0), 20 mM EDTA, 200 mM NaCl, 80 mM DTT (freshly 
added), 4% SDS, and 250 µg/ml Proteinase K (freshly added) (Sigma-Aldrich). The resulting 200 µl mixture 
underwent incubation at 55 °C for 1 h, being periodically inverted every 15 min. Following incubation, 200 µl 
of Buffer AL from the QIAamp® DNA Mini Kit and 200 µl of ethanol were added to each sample. The samples 
were thoroughly mixed by vortexing and then settled by brief centrifugation. Subsequently, the procedure 
was completed according to the Qiagen recommendations, starting from steps 5 to 8 of the Tissue Protocol 
in the QIAamp DNA Mini Kit handbook. DNA was eluted twice, with each elution using 25 µl of Buffer AE 
(Qiagen) and an incubation period of 3 min at room temperature. Finally, the quantity and quality of DNA were 
assessed using NanoDrop™ 2000c Spectrophotometers and Qubit™ 4 Fluorometer (Thermo Fisher Scientific), 
and the integrity of the DNA was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies) as well as 
conventional 1% agarose gel electrophoresis.

DNA library Preparation and sequencing
Following the assessment of DNA quantity and integrity, 100 ng of DNA from each sample was employed 
according to the Library Construction Protocol from the MGIEasy FS DNA Library Prep Manual Version: B4 
(MGI Technologies). In brief, genomic DNA underwent fragmentation with a mixture containing Frag Buffer 
II and Frag Enzyme II on ice, following the prescribed MGI program on the thermocycler. Post-fragmentation, 
the resulting products were purified using DNA Clean Beads (MGI Technologies) and quantified via the Qubit® 
dsDNA HS Assay Kit on the Qubit 4™ Fluorometer (Thermo Fisher Scientific). For the subsequent step, 100 ng of 
fragmentation products were subjected to end repair and A-tailing, employing ERAT Buffer and ERAT Enzyme 
Mix on ice, adhering to the recommended MGI program on the thermocycler. Subsequently, MGIEasy DNA 
Adapters, Ligation Buffer, and DNA Ligase were added to the mixture, which was then loaded onto the thermal 
cycler and incubated at 23°C for 30 min. A further purification step using DNA Clean Beads was conducted as 
per MGI recommendations. Following this, a PCR amplification mixture consisting of PCR Enzyme Mix and 
PCR Primer Mix was prepared on ice. Using a cycling program of 7 cycles, the resulting products were once 
again purified using DNA Clean Beads. Quantification of the purified PCR products was performed using the 
Qubit® dsDNA HS Assay Kit, and the fragment size distribution was assessed using a High Sensitivity DNA kit 
(Agilent Technologies). Subsequent steps involved desaturation of PCR products at 95°C for 3 min, followed by 
single-strand circularization using a mixture of Splint Buffer and DNA Rapid Ligase on ice, with subsequent 
incubation at 37°C for 30  min. Following circularization, enzymatic digestion of single-stranded products 
was carried out using a mixture of Digestion Buffer and Digestion Enzyme at 37°C for 30 min. The resulting 
digested products were purified using the DNA Clean Beads protocol, as detailed in the MGI operating manual. 
The final product was subjected to sequencing on the MGI BGISEQ-G400 (MGI Technologies), following the 
manufacturer’s instructions.

DNA sequencing data analysis
Processing of DNA sequencing data
In the DNA sequencing data processing, various statistical analysis procedures were applied, commencing 
with unique barcoding and multiplexing. Each sample was uniquely barcoded to facilitate multiplexing during 
sequencing, allowing for the subsequent separation of sequence raw data into individual lanes based on these 
barcodes. Subsequently, the raw data underwent demultiplexing, a crucial process that separated mixed 
sequences based on their distinct barcodes, ensuring alignment with their respective samples, and streamlining 
downstream analyses.

Data consolidation and quality checks
Following multiplexing and demultiplexing, raw data from different lanes sharing the same barcode were 
combined for mutation analysis. This consolidation generated single first and second-pair files for each unique 
barcode, providing a streamlined dataset for further analysis. Before proceeding with subsequent steps, a raw 
read quality check was performed using FastQC (Version 0.11.9; ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​b​i​o​i​n​f​o​r​m​a​t​​i​c​​s​.​b​​a​b​r​a​h​​a​​m​.​​a​c​​.​​u​k​
/​p​r​​o​j​e​​c​t​s​/​f​a​s​t​q​c​/) on the combined FastQ files. To enhance data quality, trimming was conducted using the 
Cutadapt algorithm34 (Version 4.0; https://cutadapt.readthedocs.io/). The quality cutoff for trimming (-q 30,30) 
was set to enforce a minimum quality score of 30 for both the 5’ and 3’ ends of the sequencing reads. Additionally, 
a minimum length for read retention after adapter removal was specified with (-m 20), excluding reads shorter 
than 20 bases following trimming. A second round of quality checks using FastQC post-trimming was carried 
out to ensure the overall improvement in sequence data quality.

Comprehensive DNA sequencing pipeline
We implemented a comprehensive DNA sequencing pipeline to systematically investigate genetic information. 
The process was initiated with the alignment of raw sequencing reads to a reference genome (GRCh38), facilitated 
by the Burrows–Wheeler Aligner (BWA-MEM, Version 0.7.17; http://bio-bwa.sourceforge.net/) algorithm35. To 
optimize sequence searches, a reference genome index was generated before mapping through the execution 
of the ‘bwa index’ command. Subsequently, the actual mapping of reads was conducted using the ‘bwa mem’ 
command. The resulting Sequence Alignment/Map (SAM) file was transformed into a sorted Binary Alignment/
Map (BAM) file using the SAMtools suite (Version 1.16.1; http://www.htslib.org/) with the ‘samtools view’ and 
‘samtools sort’ commands36.
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Quality assessment and mutation analysis
To assess the quality of the alignment and counts data, the QualiMap algorithm (Version 2.3; ​h​t​t​p​:​/​/​q​u​a​l​i​m​a​p​.​
c​o​n​e​s​a​l​a​b​.​o​r​g​/​​​​​) was utilized37. Identification and marking of duplicate sequences were performed using Picard 
tools (Picard Toolkit, Version 2.27.4; Broad Institute; https://broadinstitute.github.io/picard/), followed by the 
augmentation of BAM file headers through the ‘AddOrReplaceReadGroups’ program from Picard tools. The 
marked and header-enhanced BAM file was then subjected to indexing using the ‘samtools index’ command36.

Mutation calling and recalibration
For mutation calling, the Genome Analysis Toolkit (GATK, Version 4.3.0.0; https://gatk.broadinstitute.org/) 
was employed38. This necessitated the prior generation of genome dictionary files with the ‘Picard-tools 
CreateSequenceDictionary’ command and the indexing of the reference genome using ‘samtools faidx’ 36. Next, 
the HaplotypeCaller function was applied with specified parameters to analyze the input BAM file and generate 
a variant call format (VCF) file38. Subsequently, the identified mutations underwent stringent filtering based on 
GATK standard criteria for both single-nucleotide polymorphisms (SNPs) and insertions/deletions (indels). 
Crucially, within GATK, the term “indel” encompasses both insertions and deletions. SNPs were subjected to 
filters targeting quality, strand bias, mapping quality, strand odds ratio, and various rank sum tests. Indels were 
similarly filtered with specific criteria. Recalibration of base quality scores was conducted using known sites 
from predicted mutations and SNP database mutations. The recalibrated data were then applied to the original 
BAM file. The final variation calling involved using the recalibrated BAM file with the HaplotypeCaller function. 
Further refinement of the variations was performed using SnpSift (Version 5.1; part of the SnpEff suite; ​h​t​t​p​:​/​/​
s​n​p​e​f​f​.​s​o​u​r​c​e​f​o​r​g​e​.​n​e​t​/​​​​​) 39, applying filters for quality (QUAL > = 30), mapping quality (MQ = 30), and depth 
(DP > = 10).

Variant filtering and annotation
In the variant annotation process, we utilized the VarSome Clinical tool (Version 13.1.1; ​h​t​t​p​s​:​/​/​c​l​i​n​i​c​a​l​.​v​a​r​s​o​
m​e​.​c​o​m​/​​​​​)​, which is specifically designed for the analysis, annotation, and prioritization of genomic variants40. 
This tool was used to filter the variants in each VCF file for each tested sperm sample. The initial data filtration 
was performed using seven stringent criteria. First, variants were filtered based on pathogenicity, categorized 
as Pathogenic (P), Likely Pathogenic (LP), Uncertain Significance (VUS), and their subclasses: VUS with 
Pathogenic Potential (VUS|P), VUS with Likely Pathogenic Potential (VUS|LP), VUS with Benign Potential 
(VUS|B), while variants classified as Likely Benign or Benign were excluded from further consideration. Second, 
variants were classified according to the Online Mendelian Inheritance in Man (OMIM) system, considering 
autosomal recessive, autosomal dominant, X-linked, Y-linked, mitochondrial inheritance, and those classified 
as homozygous with the variant, homozygous with the reference, heterozygous, heterozygous phased, or 
mitochondrial. Third, variants in the VCF files were further examined for their functional impact, including 
coding effects such as frameshift, nonsynonymous missense, nonsense, stoploss, exon deletion, in-frame, 
start loss, and splice junction loss, which are likely to adversely affect protein function. Fourth, the Combined 
Annotation-Dependent Depletion (CADD) score was applied to assess the potential impact of genetic variants 
on human health (CADD, https://cadd.gs.washington.edu/)41, with variants having a CADD score equal to 
or greater than 20 considered for further analysis. Fifth, since the DNA was extracted from purified sperm 
samples of men with infertility, variants were cross-referenced against 645 sperm-specific genes with elevated 
expression in the sperm compared to other tissues, as indicated in the Human Protein Atlas ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​p​r​
o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​​​​​)​​​4​2​​​. Genes were matched with testis-specific proteins from the Human Protein Atlas, and only 
those with alignment were selected for further investigation. Sixth, variants were filtered for their potential 
relevance to infertility-related pathways and conditions. These variants were then further annotated according 
to the American College of Medical Genetics and Genomics (ACMG) guidelines43. Seventh and finally, in silico 
predictors were used to assess the potential impact of the variants, all integrated into the VarSome Clinical tool.

Validation of genetic variants using Sanger sequencing
Sanger sequencing was performed to confirm and validate selected variants based on the availability of 
remaining DNA following initial clinical and WGS analyses. Sanger sequencing was performed using DNA 
isolated from each sample. Initial PCR amplification was carried out using primers listed in Supplemental Table 
S1, with MyTaq™ HS Red Mix in a 50 µL reaction volume containing 2 µL DNA (10 ng/µL). PCR products were 
analyzed via 1.5% agarose gel electrophoresis to verify the expected band sizes based on Supplemental Table S1. 
Following confirmation, DNA bands of the correct size were excised from the gel after staining with GelStar™ 
and visualization under blue light. The excised gel fragments were purified using the NucleoSpin® Gel and PCR 
Clean-up kit, with minor modifications to the standard protocol. DNA was eluted in 30 µL Elution Buffer and 
quantified using a NanoDrop spectrophotometer. Purified products were then submitted to Eurofins Genomics 
for Sanger sequencing. Sequences were aligned using BLAST (BLAST + v2.17.0; ​h​t​t​p​s​:​/​/​b​l​a​s​t​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​
/​B​l​a​s​t​.​c​g​i​​​​​​)​ to confirm unique genomic positions, and variants were manually verified through chromatogram 
inspection.

Results
Evaluation of the demographic, hormonal, and clinical characteristics
Sperm parameters, IVF outcomes, and hormone profiles of female partners were compared between two groups 
of male participants: the SDIG group (n = 9) and the NG group (n = 8). The NG group consistently exhibited 
superior semen quality in terms of sperm concentration, motility, and morphology compared to the SDIG group. 
The average progressive motility was 51.1% in the NG group versus 34.4% in the SDIG group, while morphology 
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and vitality scores also favored the NG group (average morphology: 4.25% in NG vs. 1.94% in SDIG; average 
vitality: 69% in NG vs. 55.6% in SDIG).

In the SDIG group, lower sperm quality metrics were correlated with poorer IVF outcomes. Several samples, 
such as IDs 290, 220, 271, 285, 287, and 282, had negative pregnancy outcomes, although the hormonal profiles 
of their female partners (i.e., FSH, LH, PRL) were within normal physiological levels. Importantly, sample 287 
had a normal sperm count but low progressive motility (24%) and did not achieve embryo cleavage, in favor of 
the presence of genetic mutations involving sperm function. Conversely, three samples in the SDIG group, 279, 
201, and 203, had positive β-hCG outcomes, despite only moderate sperm parameters, suggesting that while 
sperm quality is influential, it is not the sole predictor of IVF success.

In the NG group, all participants underwent intrauterine insemination (IUI). Despite overall strong semen 
profiles, four samples (IDs 275, 280, 281, and 286) resulted in negative pregnancy outcomes, reinforcing the 
idea that factors beyond standard sperm parameters, such as genetic, epigenetic, or uterine receptivity factors, 
may impact success rates. However, samples 175 and 274 in the NG group did result in positive pregnancies, 
aligning with their superior sperm metrics. These observations suggest that while sperm parameters are essential 
indicators of fertility potential, they must be interpreted alongside other clinical and molecular factors for 
accurate prognostication in assisted reproduction outcomes.

Comparative genomic analysis of groups
Our analysis uncovered distinct patterns between the Normozoospermic Group (NG) and the Sperm Dysfunction 
Infertility Group (SDIG) across several genomic metrics. Supplemental Table S2 provides a detailed comparison 
between the two groups, “NG, n = 8” and “SDIG, n = 9,” incorporating key metrics such as the average count 
of mapped reads, percentage of reads successfully mapped, GC content percentage, coverage, and mapping 
quality. In the SDIG group, the average count of mapped reads was approximately 359.7 million, ranging from 
about 258 million to 505 million. The percentage of successfully mapped reads averaged 99.5%. The GC content 
percentage was similar to the NG group, averaging 39.8%. The coverage varied, ranging from 11.68x to 22.62x, 
with an average of 15.90x. The mapping quality was consistently high, with an average of 31.94.

In contrast, the NG group had a slightly lower average count of mapped reads, around 349.7  million, 
yet maintained a high percentage of successfully mapped reads, averaging 99.87%. The average GC content 
percentage was comparable to the SDIG group, at approximately 39.59%. However, the average coverage was 
slightly lower at 15.47x. The mapping quality remained consistently high, with an average of 31.92.

Analysis of genetic consequences in SDIG and NG
Comparing the genetic consequences between SDIG and NG revealed notable differences across various 
genomic parameters. Supplemental Table S3 provides a comprehensive comparison between the two groups, 
“SDIG, n = 9” and “NG, n = 8,” covering all genetic consequences, including those related to coding regions. 
For instance, the NG group exhibited a slightly higher count in Transcript Ablation and Incomplete Terminal 
Codon Variants, indicating higher variance for these consequences. A substantial difference was observed in the 
counts of the 5’UTR variant, with the NG group showing a significantly higher count. Although NG also showed 
notable concentrations of various coding consequences (e.g., stop gained, frameshift variant), the SDIG group 
had higher counts in most categories, suggesting a greater prevalence of these consequences. These disparities 
could potentially be linked to the differences in fertility between the two groups (Table 1).

Interpretation of deleterious variants
WGS was conducted on 17 samples (9 SDIG and 8 NG), categorized based on semen analysis results. The 
data were analyzed using the GATK pipeline. Following the software guidelines, the testing pipeline was 
executed sequentially, utilizing custom shell scripts to generate the VCF files. Variant analysis, annotation, and 
prioritization were then carried out using the VarSome Clinical tool, and the list of variants identified are listed 
in Table 2. It was interesting to note that all the female partners of patients No.285, 220 and 287, where a missense 
SNV (NM_001370.2 c.6629 C > T (p.Ser2210Leu) at position chr2:84677021 C > T, NM_018365.4 c.649G > A 
(p.Asp217Asn) at chr15:56444481 C > T and NM_015585.4 c.1702 C > T (p.Arg568Trp) at chr20:20196681 C > T) 
was reported in DNAH6, MNS1 and CFAP61 respectively were β-hCG negative and ultimately led to negative 
pregnancy.

Nonsynonymous SNV in DNAJB13
A single nucleotide missense variant (SNV) was identified in the DNAJ heat shock protein family (Hsp40) 
member B13 (DNAJB13), located on chromosome 11 at position 73,965,019. This mutation is characterized 
by a thymine to adenine change (T > A) at position c.476T > A, resulting in the replacement of isoleucine with 
asparagine (I159N, p.Ile159Asn). The variant follows a heterozygous autosomal recessive inheritance pattern. Its 
clinical significance is classified as a VUS. According to OMIM, this variant is associated with ciliary dyskinesia.

Missense SNV in MNS1
A missense SNV was detected in the Meiosis-Specific Nuclear Structural 1 (MNS1) gene, located on chromosome 
15 at position 56,444,481. This mutation involves the substitution of cytosine with thymine (C > T) at position 
c.649G > A. The variant is heterozygous and is situated within the coding region of the gene. This substitution 
leads to the replacement of aspartic acid (p.Asp217Asn) with asparagine, and the CADD score predicts this 
variant to be likely pathogenic.
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 Detection of point mutations in four members of the DNAH gene family
The dynein axonemal heavy chain gene family (DNAH) comprises twelve members: DNAH1, DNAH2, DNAH3, 
DNAH5, DNAH6, DNAH7, DNAH8, DNAH9, DNAH10, DNAH11, DNAH12, and DNAH17. Several point 
mutations were detected in four of these genes:

•	 DNAH2: An in-frame deletion was identified in DNAH2, located on chromosome 17 at position 7,770,811. 
This frameshift deletion involves the loss of adenine at position c.4241del. The variant follows an autosomal 
recessive inheritance pattern and is classified as likely pathogenic. The mutation results in a change in the 
coding frame, causing a structural alteration in the protein at position (p.Lys1414ArgfsTer29), where lysine 
is replaced by arginine.

•	 DNAH6: A missense SNV was detected in DNAH6, located on chromosome 2 at position 84,677,021 
(c.6629 C > T) in exon 41. The detected variant follows an autosomal recessive inheritance pattern in the het-
erozygous state. This mutation causes the substitution of serine by leucine at position (p.Ser2210Leu), leading 
to a potential alteration in protein function.

•	 DNAH7: A missense variant was found in DNAH7, located on chromosome 7. This mutation follows an auto-
somal recessive inheritance pattern and leads to a substitution of guanine with adenine at position c.511G > A 
in exon 7. At the protein level, glycine is replaced by arginine at position (p.Gly171Arg).

•	 DNAH8: Similarly, a missense variant was detected in DNAH8, located on chromosome 6 at position 38,842,875 
(c.4817 C > A). The mode of inheritance is autosomal recessive and heterozygous, with the mutation present 
on exon 35 (NM_001206927.2). This point mutation results in the replacement of proline with glutamine at 
the protein level (p.Pro1606Gln).

•	 DNAH17: A missense point mutation was identified in DNAH17, located on chromosome 17 at position 
78,460,193. The mutation is a substitution of G > A at position c.9404 (C > T) on exon 59. This autosomal 
recessive heterozygous alteration leads to the replacement of alanine with valine at position (p.Ala3135Val), 
potentially impacting protein structure and function.

A missense SNV in FSIP2
A missense variant was detected in the fibrous sheath interacting protein 2 (FSIP2) gene, located on chromosome 
2. Two mutations were identified in different positions: chr2:185806731 (c.17425 C > T) and chr2:185738918 
(c.24  C > A). Both mutations are heterozygous and follow an autosomal recessive inheritance pattern. These 
mutations are predicted to be likely pathogenic based on the CADD score, SIFT, and PolyPhen-2. These genetic 
alterations (p.Gln5809Ter), (p.Cys8Ter) in FSIP2 cause alterations in protein structure.

Sample ID Gene
NT genomic change 
(GRCh38) Consequence Variant Zygosity

CADD / 
PolyPhen2 / 
SIFT

Allele 
frequency ACMG

290 DNAJB13 chr11:73965019 T > A Nonsynonymous 
SNV ENST00000339764.6 c.476T > A (p.Ile159Asn) Het 26.6/D /P VUS

220 MNS1 chr15:56444481 C > T Missense SNV NM_018365.4 c.649G > A (p.Asp217Asn) Het 27.1/D/P VUS

271 DNAH2 chr17:7770811 delA Deletion ENST00000572933.6 c.4241del 
(p.Lys1414ArgfsTer29) Het NA Likely 

Pathogenic

285 DNAH6 chr2:84677021 C > T Missense SNV NM_001370.2 c.6629 C > T (p.Ser2210Leu) Het 23.9/D 0.000 VUS

287 CFAP61 chr20:20196681 C > T Missense SNV NM_015585.4 c.1702 C > T (p.Arg568Trp) Homo 27.28/D/ P 0.001151 Likely 
Pathogenic

287 HYDIN chr16:71031745 C > G Missense SNV NM_001270974.2 c.2702G > C (p.Gly901Ala) Het 22.2/D VUS

282 HYDIN chr16:71129811 
delATC In-frame Deletion NM_001270974.2 c.1702 C > T (p.Arg568Trp) Het NA VUS

Sample ID Gene
NT genomic change 
(GRCh38) Consequence Variant

CADD / 
PolyPhen2 / 
SIFT ACMG

275 DNAH7 chr2:195900373 C > T Missense SNV NM_018897.3 c.4457G > A (p.Arg1486His) Het 28/D/P 0.000 VUS

275 DNAH7 chr2:196026916 C > T Missense SNV NM_018897.3 c.511G > A (p.Gly171Arg) Het 25.6/D/P VUS

275 DNAH17 chr17:78460193 G > A Missense SNV ENST00000389840.7 c.9404 C > T (p.Ala3135Val) Het 26/P 0.000 VUS

280 FSIP2 chr2:185806731 C > T Nonsense SNV NM_173651.4 c.17,425 C > T (p.Gln5809Ter) Het 32/D/P Likely 
Pathogenic

280 FSIP2 chr2:185738918 C > A Nonsense SNV NM_173651.4 c.24 C > A (p.Cys8Ter) Het 35/P 0.000 Likely 
Pathogenic

280 DNAH8 chr6:38842875 C > A Missense SNV NM_001206927.2 c.4817 C > A (p.Pro1606Gln) Het 22/D 0.000 VUS

281 DNAH7 chr2:195864552 G > A Missense SNV ENST00000312428.11 c.7103 C > T (p.Ser2368Phe) Het 26/P 0.000 VUS

281 CATSPER1 chr11:66021515 G > A Missense SNV NM_053054.4 c.1672 C > T (p.Arg558Trp) Het 26.6/D/P 0.0001644 VUS

Table 2.  Candidate diagnostic variants identified in each sample. PD, Probably Damaging; D, Damaging; DLC, 
Damaging (Low Confidence); P, Pathogenic; SNVs, Single Nucleotide Variants; NT, Nucleotide; SNV, Single 
Nucleotide Variant; Het, Heterozygous; Homo, Homozygous; CADD, Combined Annotation Dependent 
Depletion; PolyPhen2, Polymorphism Phenotyping v2; SIFT, Sorting Intolerant From Tolerant; ACMG, 
American College of Medical Genetics and Genomics; VUS, Variant of Uncertain Significance.
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A missense SNV in HYDIN
In exon 19 of the axonemal central pair apparatus protein (HYDIN) gene (transcript NM_001270974.2), a 
missense SNV was detected at position chr16:71031745 (c.2702G > C). This mutation is autosomal recessive 
and heterozygous, and it is classified as a variant of uncertain significance. The substitution of guanine 
by cytosine leads to structural changes in the protein, resulting in the replacement of glycine by alanine at 
position p.(Gly901Ala). Additionally, in the same patient, another point mutation was detected in the CFAP61 
gene located on chromosome 20 at position 20,196,681 (c.1702 C > T) on exon 16. This mutation causes the 
replacement of arginine by tryptophan at position p.(Arg568Trp).

Point mutation in CATSPER1
A missense point mutation was identified in the cation channel sperm associated 1 (CATSPER1) gene, located 
on chromosome 11. The variant is autosomal recessive and heterozygous, with predictions of being pathogenic 
based on the CADD score and deleterious according to SIFT. This mutation (G > A) at position chr11:66021515 
(c.1672 C > T) disrupts the structural arrangement of the protein, leading to the replacement of arginine with 
tryptophan at position p.(Arg558Trp).

Validation of WGS results by Sanger sequencing
Sanger sequencing was conducted to confirm the variants detected by whole-genome sequencing (WGS) in the 
DNAH6, MNS1, and CFAP61 genes. These genes were prioritized for validation on the basis of the quantity of 
residual DNA material after WGS and the clinical significance of the detected variants. Other variants found in 
other genes could not be validated by Sanger sequencing because of DNA amount limitations.

Notably, the complementary strand of MNS1 was reverse-primer sequenced, hence the variant has been 
described as G > A rather than C > T, as indicated in Fig. 1. The concordance of WGS and Sanger sequencing 

Fig. 1.  The Sanger sequencing chromatograms validating the variants detected through WGS in DNAH6, 
MNS1, and CFAP61 genes in SDIG, which were absent in NG. The mutation position is highlighted with a grey 
colour.
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results is a reflection of the accuracy and reliability of the variant calls and confirmation of the presence of 
these alterations in genes associated with male infertility. Although only DNAH6, MNS1, and CFAP61 have 
been confirmed, the remaining candidate genes uncovered by whole genome sequencing, DNAJB13, HYDIN, 
DNAH7, DNAH17, FSIP2, DNAH8, and CATSPER1, are also very likely to contain functionally important 
variants, pending verification.

Discussion
Genetic elements are essential in the intricate process of spermatogenesis, and disruptions in these genes can 
lead to male infertility. High-throughput sequencing has paved the way for identifying genes or variants involved 
in spermatogenesis. However, genetic variants such as indels, sequence alterations, insertions, deletions, and 
single-nucleotide variants (SNVs) only account for a portion of idiopathic male infertility cases, suggesting that 
other genetic or epigenetic factors may also contribute44. The genetic mechanisms behind most of these variants 
in male reproductive abnormalities remain largely unknown, emphasizing the need for further research. This 
research work highlights the importance of genetic alterations in better understanding the molecular mechanism 
of male infertility.

In this study, WGS was performed on purified sperm samples from two groups: men with normal 
spermiogram results (normozoospermic men) and men with oligozoospermia, asthenozoospermia, combined 
with teratozoospermia, or oligoasthenoteratozoospermia. Both groups demonstrated efficient mapping processes 
with high percentages of successfully mapped reads and comparable GC content. The SDIG group exhibited 
greater variability in coverage compared to the NG group, with a broader range and higher average. Despite 
this variability, mapping quality remained consistently high across both groups. Notably, the SDIG group had 
slightly higher averages in mapped reads and coverage, suggesting potential insights into the biological processes 
related to male infertility. Factors such as individual differences, experimental conditions, or other unidentified 
variables may contribute to these variations within each group. The detected variants range from key candidate 
genes, including members of the DNAH family, DNAJB13, MNS1, FSIP2, HYDIN, and CATSPER1. It has already 
been reported that genetic variations in the genes belonging to the DNAH family are known to be associated with 
cilia-related disorders, such as immotile cilia syndrome45. Genetic alteration in DNAH2 contributes to defects 
in sperm flagella, leading to abnormal sperm motility46. DNAJB13 is a member of the DNAJ/HSP40 family of 
proteins, known to play a critical role in regulating axonemal dynein arms and sperm motility21. In mature 
spermatozoa, DNAJB13 is localized along the entire length of the sperm flagellum, suggesting that it plays an 
essential role in the formation and function of sperm flagella47. In our study, we identified a nonsynonymous 
variant, c.476T > A; p.Ile159Asn, in DNAJB13, which follows an autosomal recessive inheritance pattern, further 
supporting its involvement in male infertility. MNS1 is crucial for the assembly of sperm flagella and the motility 
of cilia22. Previous studies have highlighted biallelic MNS1 variants as a risk factor for male infertility48. Loss-of-
function (LOF) mutations in MNS1 have been linked to Oligoasthenoteratozoospermia in a Han Chinese patient, 
and other studies have shown that LOF mutations also contribute to laterality defects and male infertility23,49. In 
alignment with these findings, we reported a missense SNV mutation (c.649G > A; p.Asp217Asn) in MNS1 that 
is likely to contribute to sperm dysfunction. DNAH2 is a member of the DNAH family, and previous studies have 
shown that mutations in this gene lead to Oligoasthenozoospermia24.

Our findings are consistent with these reports, identifying a frameshift deletion (c.4241delA; 
p.Lys1414ArgfsTer29) that disrupts a significant protein structure. This suggests that mutations in DNAH2 
may contribute to both primary ciliary dyskinesia and asthenozoospermia, further reinforcing the gene’s role 
in sperm flagellar function. Similarly, DNAH6 is expressed in the testis and localized to the neck region of 
the spermatozoa. Mutations in this gene have been linked to abnormalities in sperm heads50 and have been 
implicated in conditions such as primary ciliary dyskinesia and non-obstructive azoospermia51,52. Our study 
corroborates these findings, identifying a missense SNV (p.Ser2210Leu) in DNAH6, which causes a substitution 
of serine with leucine, leading to alterations in the protein structure. Moreover, using whole-exome sequencing 
(WES), a study identified homozygous nonsense mutations in DNAH7 that cause abnormalities in human sperm 
flagella53. Our study also detected a missense variant in DNAH7, further supporting its role in male infertility. 
Previous studies have also reported novel homozygous splicing variants in DNAH7 that lead to frameshift 
mutations54. Furthermore, DNAH17 has been shown to follow an autosomal recessive inheritance pattern, with 
ten novel mutations identified in previous studies55. In our study, we detected mutations in DNAH2, DNAH6, 
DNAH7, DNAH8, and DNAH17, all of which are crucial for sperm motility and reproductive health in males. 
Primary ciliary dyskinesia (PCD) is a heterogeneous disorder characterized by mutations in over 50 genes, with 
most linked variants following an autosomal recessive mode of inheritance 52. According to Knowles et al., 
nearly 70% of PCD-related genes are screened using targeted gene panels, suggesting that additional causative 
genes may exist56.

Our study identified mutations in genes that are highly relevant for PCD, indicating that these genetic 
alterations may also play a role in male infertility. We also observed that mutations in FSIP2 lead to multiple 
morphological abnormalities in the sperm flagella57. Previous studies have shown that missense variants in 
FSIP2 result in milder damage to spermatozoa 55. Pathogenic mutations in FSIP2 have been associated with 
multiple morphological abnormalities of the flagella (MMAF), and our study aligns with these findings, 
identifying potential variants (p.Gln5809Ter and p.Cys8Ter) that disrupt FSIP2 protein structure in our study 
subjects. Additionally, we detected a point mutation in HYDIN (c.2702G > C; p.Gly901Ala), a gene previously 
associated with loss-of-function variants in male infertility 56. All variants detected in this study, including 
nonsynonymous SNVs in DNAJB13, MNS1, DNAH6, DNAH7, DNAH8, DNAH17, FSIP2, HYDIN, CFAP61, and 
CATSPER1, as well as an in-frame deletion in DNAH2, were heterozygous and followed an autosomal recessive 
inheritance pattern. These findings offer new insights into the genetic mechanisms underlying male subfertility 
and provide opportunities for early diagnosis and intervention58.
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According to data from the Human Protein Atlas and Genotype-Tissue Expression (GTEx), these genes 
are expressed in various tissues and are particularly relevant in reproductive biology due to their specific 
expression in the testis, as shown in Supplemental Figure S1 The variants identified in our study not only reveal 
additional variants that could be associated with male infertility but also validate previously recognized variants 
within the genomic landscape of male infertility. This research specifically examines purified human sperm 
samples from both the SDIG and the NG. These findings have important implications for enhancing diagnostic 
accuracy in future clinical settings and could contribute to broader advancements in men’s health. Overall, this 
study emphasizes that WGS is the most effective strategy for genetic diagnosis in patients facing male fertility 
complications.

Our study highlights the presence of VUS and Likely Pathogenic variants even in individuals with “normal” 
sperm parameters. While these individuals meet the WHO criteria for normal sperm counts, motility, and 
morphology, the identification of specific variants in genes associated with male infertility challenges the 
assumption that normal sperm parameters guarantee fertility. As we have shown, males in the NG, despite their 
normal semen analyses, carried mutations in genes that are critical for sperm function and fertility. For example, 
in sample ID 275, we identified several variants in the DNAH7 and DNAH17 genes. Specifically, a missense 
SNV (c.4457G > A; p.Arg1486His) and another missense SNV (c.511G > A; p.Gly171Arg) were found in DNAH7 
on chromosome 2, and a missense SNV (c.9404 C > T; p.Ala3135Val) was found in DNAH17 on chromosome 
17. These variants were classified as VUS based on their CADD scores and PolyPhen2 and SIFT predictions 
suggest a potentially damaging effect on protein function. These findings align with previous reports showing 
that DNAH7 and DNAH17 mutations are linked to defects in sperm flagella and motility, which could affect 
fertility outcomes even in men with “normal” sperm parameters53,59.

In sample ID 280, we found two nonsense SNVs in FSIP2, located on chromosome 2 (c.17425 C > T; 
p.Gln5809Ter and c.24 C > A; p.Cys8Ter), which were predicted to introduce premature stop codons, leading 
to truncated proteins. These mutations were classified as Likely Pathogenic, with CADD scores, and PolyPhen2 
and SIFT analyses indicating potentially damaging effects. The identification of these mutations in the NG group 
supports the known role of FSIP2 in sperm flagella formation and function, and their presence in individuals 
with normal sperm parameters further emphasizes that genetic factors can impair fertility even in the absence 
of overt spermiogram abnormalities57,59. Additionally, in sample ID 281, we identified a missense SNV (c.7103 
C > T; p.Ser2368Phe) in DNAH7 and another missense SNV (c.1672 C > T; p.Arg558Trp) in CATSPER1. Both 
mutations were classified as VUS, with CADD scores and PolyPhen2 and SIFT predictions suggesting that they 
may have a damaging effect on the proteins. CATSPER1, a gene essential for sperm motility, has been implicated 
in male infertility, particularly in cases of reduced sperm motility, even when other semen parameters appear 
normal30,60. These findings suggest that mutations in DNAH7 and CATSPER1 could contribute to male infertility 
in cases where traditional sperm testing fails to detect underlying genetic causes. These results underscore 
the complexity of male infertility and the importance of genetic screening, even in individuals with normal 
semen analysis results. While sperm parameters such as count, motility, and morphology are critical factors in 
assessing male fertility, they do not fully capture the genetic basis of fertility problems. These results are strongly 
supported by previous investigations, where it was shown that semen analysis is a gold standard for evaluating 
male infertility. However, this technique is considered an imperfect tool61 because approximately 15% of men 
with normal semen analysis profiles have nevertheless been linked with infertility62–64.

Our findings align with previous research, indicating that genetic mutations in sperm-specific genes can 
impair fertility despite normal sperm parameters65,66. Human chorionic gonadotrophin (hCG) formed in the 
initial pregnancy can be detected in the body fluid quickly after embryo implantation. β-hCG measurement is 
performed in many kinds of clinical situations, like the diagnosis of pregnancy and pregnancy-related disorders. 
In SDIG samples, the majority have negative β-hCG results, although the IVF practice was also performed. This 
confirmed that negative β-hCG samples (290, 220, 271, 285, 287, and 282) have been identified with mutations 
in the studied genes involved in normal sperm functions. None of these patients samples (279, 201, and 203) 
fulfilled the variant filtering criteria that led us to the detection of a potential candidate gene responsible for male 
infertility. As a result, these positive β-hCG SDIG samples (279, 201, and 203) exhibited positive pregnancy. It 
was interesting to note that all those samples (275, 280, and 281) from the NG group where mutations were 
detected in sperm-specific genes (DNAH7, FSIP2, DNAH7 & DNAH8, respectively) had negative β-hCG in 
leading to negative pregnancy. While those samples (175 and 274) with normal genomic profiles, when tested 
against sperm-specific genes using NGS technology, had positive β-hCG levels and ultimately resulted in a 
positive pregnancy.

 Conclusion
This study highlights the complex interplay between genetic factors and male reproductive health, particularly in 
the context of infertility. Using whole-genome sequencing, we identified several genetic variants associated with 
male reproductive abnormalities, including ten variants of interest with likely pathogenic mutations in genes 
critical for spermatogenesis and sperm function. These findings shed light on potential diagnostic markers and 
underlying mechanisms, contributing to the genomic understanding of male infertility and offering a foundation 
for improved diagnostic approaches and the development of targeted therapeutic interventions.

Although the findings are interesting and provide valuable preliminary insights, this study has several 
important limitations. The relatively small sample size limits the statistical power and generalizability of our 
analyses, and no formal power calculation was performed prior to recruitment. Nonetheless, this work was 
designed as an exploratory, hypothesis-generating investigation, with a carefully selected cohort that provided 
meaningful initial insights despite the challenges of recruiting well-characterized SDIG cases. To reduce bias, we 
applied stringent filtering criteria, prioritized high-confidence variants, and cross-referenced our findings with 
previously reported infertility-associated genes. Notably, our analysis suggests that even individuals with normal 
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spermiogram results may harbor genetic variants that could contribute to delayed fertilization outcomes. Another 
limitation is that variant classification relied primarily on the ACMG–AMP guidelines, incorporating in silico 
predictions, population frequency data, and prior annotations in ClinVar and the Male Fertility Gene Atlas. While 
this framework enabled us to distinguish likely pathogenic loss-of-function variants from missense variants of 
uncertain significance, the absence of in vitro functional assays or ultrastructural validation prevents definitive 
conclusions about pathogenicity. Furthermore, the assessment of fertility outcomes, such as IVF success, was 
limited to β-hCG levels, as live birth data were unavailable due to female partners delivering at another clinic.

Taken together, these results should be regarded as preliminary. Future studies incorporating larger, 
independent cohorts and experimental validation will be critical to confirm the biological impact of these 
variants, refine their clinical interpretation, and translate these insights into improved diagnostic and therapeutic 
strategies for male infertility.

Data availability
The whole genome sequencing (WGS) data in FASTQ format generated during this study have been deposited 
in the European Nucleotide Archive (ENA) under accession number PRJEB93831.
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