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B Abstract

Genetic analyses are essential in determining the causes of reproductive failure in couples. Currently, hereditary factors are considered
responsible for at least 15% of male infertility cases. Karyotype analysis, along with Y-chromosome microdeletion screening and cystic
fibrosis transmembrane conductance regulator (CFTR) gene mutation testing, has become the standard. Chromosome aberrations
occur in 7% of infertile men, 30 times more frequently than in the general population. The cause of male infertility is also microdele-
tions of the Y chromosome or aberrations and mutations of genes responsible for male sexual development, e.g., located in the Yp11.2

region, and CFTR gene mutations analysis is performed by patients with bilateral absence or obstruction of the vas deferens. However,
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in recent years, modern technologies have significantly increased the possibilities of genetics in diagnosing male infertility. Next-
generation sequencing (NGS) is one of them. It has many applications depending on the size and type of the analyzed sequence of genetic
material. In this article, we provide an overview of different next-generation sequencing applications, i.e., whole-genome sequencing
(WGS), whole exome sequencing (WES), gene panel (targeted) sequencing, RNA sequencing (RNA-Seq), epigenome sequencing as well
as metagenomic analysis of semen microbiota, in male infertility research and diagnostics. Through NGS studies, increased diagnostic
efficiency is observed, especially in men with nonobstructive azoospermia and idiopathic infertility, where the cause of the disorder
is a rare gene variant. Currently, the barrier to introducing next-generation sequencing into the routine diagnosis of male infertility
is primarily the amount of data generated and problems with their interpretation, and the indication of clinically relevant gene muta-
tions. An obstacle to developing the next-generation sequencing gene panel is the many genes involved and the participation of rare
variants in spermatogenesis. Nevertheless, we expect next-generation sequencing analyses to be the future of broadly understood
molecular and genetic diagnostics in infertility research. Shortly, they will probably completely replace the existing standard tools.

Keywords: male infertility, next generation sequencing (NGS), genetics, semen, microbiota

B Skréty / Abbreviations

AR — androgen receptor gene; AURKC — aurora kinase C gene; AZF — azoospermia factor; CBAVD - congenital bilateral absence of the
vas deferens; CF — cystic fibrosis; CFTR — cystic fibrosis transmembrane conductance regulator gene; CNVs — copy number variations;
DMRT1 - doublesex and mab-3 related transcription factor-1; DPY19L2 — Dpy-19 like 2; FSHB — follicle-stimulating hormone subunit beta
gene; FSHR - follicle-stimulating hormone receptor gene; GWAS — genome-wide association studies; KALI — Kallmann syndrome 1 gene;
KLHL10 - kelch-like family member 10 gene; IncRNA —long non-coding RNA; miRNAs — microRNA; mRNA — messenger RNA; NANOSI —
nanos C2HC-type zinc finger 1 gene; NGS — next-generation sequencing; NR5AI — nuclear receptor subfamily 5 group A member 1 gene;
PCR - polymerase chain reaction; PGD — preimplantation genetic diagnostics; piRNA — piwi-interacting RNA; rRNA - ribosomal RNA;
SEPT12 - septin 12 gene; siRNA — small-interfering RNA; SN'Vs - single nucleotide variants; SRY — sex determining region Y; SYCP3 —
synaptonemal complex protein 3 gene; TEX11 — testis expressed 11 gene; tRNA — transfer RNA; VUS — variants of uncertain significance;
WES — whole exome sequencing; WGS — whole genome sequencing

B ntroduction

In about half of the cases, the reproductive failure of
couples is of male origin. Male subfertility/infertility is
due to abnormalities in spermatogenesis leading to one or
a combination of low sperm count, poor sperm motility,
or abnormal morphology. The etiology of these various
pathological semen phenotypes is multifactorial and
still not fully understood. Currently, genetic factors
are detected in approximately 10-15% of male infertile
patients (Ambulkar et al., 2014). However, it can be seen,
as molecular biology advances, and new techniques are
developed, that genetic analysis becomes more and more
important in explaining the causes of male infertility.
Modern technologies open up new fields of research in
diagnostics. Next-generation sequencing (NGS) is one
such technology, which has revolutionized nearly every
area of biotechnology and medicine. NGS supports detec-
tion and understanding of genomics variations, disease
mechanisms, and immunity through numerous applica-
tions and the resulting data, which helps develop better
diagnostics and therapy. What are the benefits of NGS
in the diagnosis of male infertility? What applications of
the NGS technique are used in this field? What was the
genetic diagnostic of male infertility before the NGS era,
and what can we expect soon? This paper aims to answer
the above questions and provide an overview of NGS
analysis in male infertility research.

Male infertility genetic diagnostics before
the NGS era

So far, routinely applied genetic tests for diagnostic
purposes of male infertility include primarily karyo-
typing, Y-chromosome microdeletion screening, and
cystic fibrosis transmembrane conductance regulator
(CFTR) gene mutation testing. Detailed genetic diag-
nostic scheme in male infertility is presented in Figure 1.
Procedures for those tests are officially approved and
unified in guidelines of the European Association of
Urology, American Urologic Association, and American
Society of Reproductive Medicine (Jungwirth et al., 2019;
Practice Committee of the American Society for Reproductive
Medicine, 2015; Schlegel et al., 2021).

B Karyotyping

In infertile men, the assessment of karyotype aberra-
tions was started in 1966 and after G-banding modifica-
tion remains a standard to date (Van Assche et al., 1996)
(Figure 2). A survey of pooled data from eleven publica-
tions, including 9,766 infertile men, demonstrated the
presence of chromosome aberrations in 5.8% (Johnson,
1998). Some results indicate those karyotype aberra-
tions occur with an even higher frequency of about
7-8% among infertile men, which is 20-30-times more
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Fig. 1. Male infertility genetic diagnostics scheme in pre- and NGS time. AR — androgen receptor gene; AURKC — aurora kinase C gene; CBAVD - congenital
bilateral absence of the vas deferens; CF — cystic fibrosis; CFTR — cystic fibrosis transmembrane conductance regulator gene; DPYI9L2 — Dpy-19 like 2; KALI -
Kallmann syndrome 1 gene; NGS — next-generation sequencing; WES — whole exome sequencing; WGS — whole genome sequencing (details in the text)
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Fig. 2. The main discoveries over time influencing the improvement of genetic diagnosis of male infertility. AZF — azoospermia factor; NGS — next-
generation sequencing; PCR - polymerase chain reaction; PGD - preimplantation genetic diagnostics

frequently than in the general population (Ravel et al,
2006). Chromosome abnormalities are divided into
numerical or structural and can affect both autosomes
(accounted for 4.2%) and sex chromosomes (for 1.5%)
(Krausz et al., 2015). The most commonly detected chro-
mosomal defect in infertile men with nonobstructive

azoospermia is Klinefelter syndrome, which contains
an aberrant supernumerary X chromosome 47,XXY in
the karyotype 80-90% of cases and its variants like
mosaic 47,XXY/46,XY. The remaining Klinefelter syn-
drome patients have karyotype 48,XXXY, 48,XXYY
(Bojesen et al., 2003). Another sex chromosome aberration
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is 46,XX male syndrome, known as de la Chappelle syn-
drome, occurring when Y chromosomal material with the
sex-determining region Y (SRY) gene is translocated onto
another, usually autosomal, chromosome. Karyotyping
also enables the detection of balanced or unbalanced
translocations, insertions, deletions, and inversions. It
is worth emphasizing that balanced structural chromo-
somal aberrations (inversions and translocations) are
more common in infertile men with oligozoospermia
(Krausz and Riera-Escamilla, 2018). On the other hand,
the conventional karyotyping is very laborious and
has a significant limitation, relatively poor resolution,
which enables the detection of aberration larger than
five megabases (Mb) (Van Assche et al., 1996; Pelzman
and Hwang, 2021).

B Y-chromosome microdeletion testing

The discovery of the polymerase chain reaction (PCR)
technique in 1983 and location of factors controlling
spermatogenesis allowed the extension of genetic diag-
nostics in male infertility by Y chromosome microde-
letions analysis (Figure 2). The defect in azoospermia
factor (CBAVD - congenital bilateral absence of the vas
deferens) regions containing three loci: AZFa, AZFb, and
AZFc occurs in 3% to 15% of men with non-obstruc-
tive azoospermia and in 6% to 8% of severely oligozoo-
spermic men depending on the patient selection criteria
and technique used, where heterogeneous AZFc region
deletions are the most common (Abur et al., 2019; Gunes
and Esteves, 2021). Y chromosome microdeletions rate
in the general population is 0.025%. According to the
European Academy of Andrology and European Molecular
Genetics Quality Network guidelines, the screening of
Y-chromosome microdeletions should include multiplex
PCR to analyze two sequence-tagged sites loci in each
region of the AZFa, AZFb, and AZFc regions (Krausz et
al., 2014). The recommended primer sets contain sY14
(SRY), ZEX/ZFY, sY84 and sY86 (AZFa), sY127 and sY134
(AZFD), and sY254 and sY255 (AZFc). The molecular
diagnosis using these methodology enables the detec-
tion of over 95% of the deletions sufficient for routine
screening (Krausz et al., 2014).

B crrr gene mutation testing

The third part of standard genetics tests in male infer-
tility refers to patients with bilateral absence or obstruc-
tion of the vas deferens and checking for mutations in
the CFTR gene located in chromosome 7 (7g31.2). CBAVD
accounts for 2-6% of male infertility individuals and up
to 25% of patients of obstructive azoospermia (Cui et
al., 2020). CFTR gene variants also lead to the onset of
cystic fibrosis (CF). The most common mutation of this
gene is p.F508del which results in impaired folding and

trafficking of the encoded protein. The frequency of dele-
tion p.F508 in patients with CBAVD in Europe ranges
from 35 to 74.6%, depending on the population (Cui
et al., 2020). The CFTR gene is relatively large, consisting
of 24 exons (OMIM 602421); hence sequence analysis is
often performed in stages or using screening methods.
A faster alternative is to use targeted sequencing with
NGS technology, as described in a separate section of
this manuscript.

From the observations so far it appears that com-
plete diagnostic work-up (including also genetic testing)
provides an explanation of the causes of male infertility
in about 60% up to 72% of primary testicular failure
cases (Krausz et al., 2015; Kothandaraman et al., 2016;
Cannarella et al., 2019). In other words, in the rest 40%
of the patients, the etiology remains unknown and is
referred to as idiopathic infertility. Therefore, numerous
patients do not know the underlying cause of their
disease. According to the data described below, the
detection of genetic factors can be increased using high-
throughput techniques for DNA and RNA analysis. Such
techniques include NGS and are most relevant to patients
with severe azoospermia possessing rare gene mutations.

B Next generation sequencing (NGS)

The first available NGS technology was released in 2005
and is based on the pyrosequencing method. Four other
NGS methodologies were developed within the next five
years that took over the market (Van Dijk et al., 2014).
NGS-based approaches have also quickly gained broad
applicability in medicine, from genetic diagnosis and
disease networks to drug discovery and pharmacog-
enomics (Chaitankar et al., 2016).

Recent reports based on studies using the NGS
method showed that the human genome is 200 000 base
pairs longer than the first human genome sequencing
data 20 years ago. This achievement was possible due
to the current technological possibilities, which fill gaps
in the genome reading containing challenged sequences,
such as repeat-rich telomeres. The Telomere-to-Telomere
(T2T) Consortium comprising 30 institutions indicated
that the human genome is just over 3.2 billion base pairs,
and they discovered about 115 new genes (Reardon, 2021).
The most extensive NGS equipment can sequence this
amount of DNA in about one day instead of 13 years as
it was the case in the first human genome sequencing
(started on October 1, 1990, and completed in April 2003;
Figure 2). Also, the cost has sharply decreased over the
20 years from about $ 100 million to just about $ 1,000
(data from the National Human Genome Research Institute,
https://www.genome.gov/about-genomics/fact-sheets/
DNA-Sequencing-Costs-Data). However, diagnostics will
certainly not be used for a long time from genome-wide
analysis due to the amount of data generated and the
requirement of enormous computing power resources
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for their analysis and interpretation. Genetic diagnostics
with the use of NGS is limited to selected more func-
tionally informative elements of the human genome like
protein-coding regions (exome), which is called whole
exome sequencing (WES), or sequences of selected genes
(targeted sequencing). Narrowing down the sequencing
target allows for more readings exclusively for regions
of interest (loci) (Figure 3).

Whole genome sequencing in male
infertility

Currently, the sequencing of entire genomes is most often
used in scientific research for genome-wide association
studies (GWAS) to select genes and single nucleotide
variants (SNVs) that significantly differentiate a group
of patients from healthy people. This NGS application
has enormous clinical potential to indicate the pos-
sible genetic cause of the occurrence of a given phe-
notype, in this case, male fertility disorder, without

10

a prior hypothesis of genomic location (Aston, 2014).
From a genetic point of view, it can be concluded that
NGS, due to its high potential to discover unknown
gene variants, its flexibility, and no need for reference
material, is replacing the earlier microarray technique.
Microarrays are based on the DNA hybridization prop-
erty and have been used in male infertility research
since 2009 (Aston and Carrell, 2009, Aston et al., 2010,
Hu et al., 2012) whereas the GWAS in male infertility
with NGS was first published in 2013 (Xu et al., 2013).
It is challenging to discuss the obtained results in detail
because of alarge amount and diversity of the observed
correlations. However, overall, the data obtained in the
GWAS studies mentioned above indicated an associa-
tion from several Xu et al., 2013, Hu et al., 2012) to over
170 loci connected with azoospermia or oligospermia
(Aston et al., 2010); and in all the studies, there is an
indication to verify these results in further investiga-
tions on large groups of patients. For this purpose, e.g.,
targeted sequencing can be used by constructing a panel
of genes at a pre-diagnostic stage.
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Another essential aspect of whole-genome sequencing
(WGS) is its use for karyotyping. NGS could combine the
reading of the entire nucleotide sequence with a reso-
lution of 1 base pair with quantification of DNA mate-
rial, i.e., numerical aberration of chromosomes. The
research shows that the low-coverage WGS can also reli-
ably detect balanced translocations and precisely map
breakpoints compared with conventional procedures.
Therefore, WGS and other NGS applications can replace
cytogenetic methods in analyzing chromosomal aber-
rations, including the diagnosis of clinically balanced
translocation carriers (Liang et al., 2017). An example of
a karyotype assessment with the use of NGS in terms of
infertility is preimplantation genetic diagnostics (PGD)
as part of the in vitro procedure to reduce the risk of
severe chromosomal defects in the embryo (before
a transfer) and in the detection of monogenic diseases
and disorders related to the occurrence of translocation
in the offspring (Fukaszuk et al., 2015; Fiorentino et al.,
2014) (Figure 4). Currently, PGD research aims to vali-
date the sensitivity of the NGS methodology concerning
cytogenic methods, like the detection of chromosomal
aneuploidies and mosaicism degree in preimplantation
embryos. Garcia-Pascual and co-workers (Garcia-Pascual
etal., 2020) demonstrated that specificity and sensitivity
for preimplantation genetic testing for aneuploidy were
both 100% for whole chromosomes, segments (>10 Mb),
small rearrangements (del/dup >a6 Mb), and mosaicism
degree, wherein the thresholds established for mosai-
cism were: euploid embryos («<30% aneuploidy), low
mosaic (from 30% to <50%), high mosaic (50-70%) or
aneuploid (>70%). In the future, NGS can be also prom-
ising approach towards a non-invasive preimplantation
genetic testing of aneuploidy in the embryonic cell free
DNA released to the culture media at blastocyst stage
(Rubio et al., 2019).

Whole exome sequencing in male
infertility

Whole-exome sequencing is a widely used NGS method
for genetic studies, primarily for disease gene identifica-
tion and clinical diagnosis that involves capturing and
sequencing only the protein-coding regions (the exomes)
of the genome. The human exome represents less than
2% of the genome but contains about 85% of known
disease-related variants, making this application more
economical compared to whole-genome sequencing (Choi
etal., 2009). Therefore, WES enables the effective identi-
fication of coding variants and splice site variants.
This analysis is especially justified in nonobstructive
azoospermia or severe oligozoospermia patients who
have undergone numerous laboratory tests and are still
idiopathic. Fakhro and co-workers (Fakhro et al., 2018)
observed that the WES analysis explains the genetic eti-
ology in a significant part of these patients (>50% in the

family and >10% sporadic). The results of WES research
on a large cohort of 285 males with severe oligospermia
and nonobstructive azoospermia, in 10.5% (n = 30) con-
firmed chromosomal aberrations while 24.2% (n = 69)
of the cases had a potential monogenic form of male
infertility. Therefore, the authors concluded, that the
standard approach to male infertility using cytogenetic
karyotyping and chromosome Y microdeletion testing
overlooked the significant contribution of monogenic
causes of male infertility. Moreover, they added 33 novel
candidate genes to the list of about 400 plausible causal
genes of male infertility (Alhathal et al., 2020). It is worth
emphasizing that the WES, like the WGS, provides an
opportunity to simultaneously detect SNVs, copy number
variations (CNVs) and chromosomal aberration. The iden-
tification of rare variants in various genes underlying
male infertility, on the one hand, presents problems in
the development of an effective diagnostic scheme, and
on the other hand, proves the benefits and effectiveness
of WES. On the contrary, the disadvantage of this NGS
application is the possibility of finding additional gene
defects unrelated to infertility, such as cancer predispo-
sition or early-onset neurodegenerative disease. Hence,
very importantly, the implementation of WES and WGS
also should always be prudent and preceded by genetic
counseling (Ghieh et al., 2021).

I Panel gene (targeted) sequencing in male
infertility

Next generation sequencing, apart from extensive
genomic analyses, also offers applications for the anal-
ysis of selected DNA fragments, e.g. important genes
or gene regions associated or probably associated with
a disease or phenotype. Panel gene sequencing (called
targeted sequencing) is dedicated especially to the diag-
nostic purposes or to the second stage (after WGS or
WES) of research on various diseases. In the laboratory
procedure for the preparation of genetic material for
sequencing, a sample enrichment step is required, in
which the PCR amplification of the target gene sequences
is performed. The scheme of the procedure is shown in
Figure 5, which in practice takes an average of a few days
in a laboratory, depending on the number of targeted
genes and the number of analyzed samples.

Nearly 2,300 genes are believed to be involved in
spermatogenesis (Krausz and Riera-Escamilla, 2018).
Knowledge in this area is constantly expanding.
Cannarella and co-authors presented a broad list of
the most critical genes responsible for spermatogenic
failure with their detailed descriptions. They also pro-
posed a phenotype-based approach taking into account
flagella abnormalities, macrozoospermia, acephalic
spermatozoa, globozoospermia, oligozoospermia, oli-
goasthenozoospermia, asthenozoospermia, nonobstruc-
tive azoospermia, and oligoasthenoteratozoospermia
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to identify targeted genes (Cannarella et al., 2019). After
careful analysis of the data in the literature, the authors
argue that only part of this enormous group of genes,
numbering about 60, is responsible for spermatogenesis
failures. These are their proposals for a panel that needs
to be tested on a large group of azoospermia and severe
oligozoospermia patients to verify this choice (Cannarella
etal.,, 2019). In contrast, recently, in another review, a list
of 38 candidate genes involved in monogenic causes of
human nonobstructive azoospermia was compiled. The
authors classified and described these genes according
to the related testicular histology underlying the non-
obstructive azoospermic phenotype (Cioppi et al., 2021).
Based on the list presented in the review by Cannarella
and co-workers (Cannarella et al., 2019), the pre-diagnostic
gene panel was constructed in practice and contained
65 genes (Precone et al., 2021). In this research, vari-
ants of potential causative importance (two pathogenic,
three variants of uncertain significance (VUS), and three
variants with high impact) were identified in 10 out of
12 infertile patients (83%). Interestingly, almost half of
those variants belong to the cytoplasmic dynein genes.
However, this study has serious limitations due to a very
small group of patients (Precone et al., 2021).

In research, in a cohort of 241 infertile idiopathic
males with a negative result in standard genetic testing,
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a panel of the following nine genes were analyzed:
androgen receptor (AR), follicle-stimulating hormone
receptor (FSHR), follicle-stimulating hormone subunit
beta (FSHB), kelch-like family member 10 (KLHLI10),
nuclear receptor subfamily 5 group A member 1 (NRSAD),
nanos C2HC-type zinc finger 1 (NANOS]I), septin 12
(SEPT12), synaptonemal complex protein 3 (SYCP3) and
testis expressed 11 (TEX11). The authors identified 19
missense variants in 23 patients, constituting nearly
10% of the study group. Five identified variants (26.3%,
5/19) were classified as likely benign, two (10.5%, 2/19)
as benign, eleven (57.9%, 11/19) as VUS, and one variant
(5.3%, 1/19) as pathogenic (Rocca et al., 2020). The results
are deliberately referred to as potential variants of male
infertility due to the difficulty in interpreting new genetic
changes. The causal mutation ratio in earlier studies of
NR5A1, doublesex and mab-3 related transcription
factor-1 (DMRT1), and TEX11 genes sequencing in 80
azoospermic patients increased from 5% in standard
diagnostics testing up to 25% (Tiittelmann et al., 2018).
The data obtained justify the utility of applying panel
gene sequencing for infertility diagnosis to find new
genetic variants potentially linked to male infertility.
It is difficult to predict how much the yield of genetic
testing will increase for the different male infertility
phenotypes. However, it is realistic to expect the overall
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diagnostic efficiency, independently of subtypes of male
infertility, will rise from the current 4% (Tiittelmann
et al., 2018) to more than 10% in the coming few years,
as Oud and co-authors announced (Oud et al., 2019).
The consensus of European Society of Human Genetics
and the European Society for Human Reproduction and
Embryology includes an opinion that NGS gene panels
may soon become a useful tool for the identification of
additional causes of male infertility, and thus improve
genetic- and reproductive counselling, facilitate patient
stratification and therefore enable more precise assisted
reproductive technology approaches (Harper et al., 2018).
It should be borne in mind that knowledge in this field
is still at the stage of discovery and verification, which
genes can actually be the source of frequent mutations
and constitute a potential marker of male infertility.

At the end of this subsection, it is worth noting
that targeted sequencing also provides a valuable tool
to uncover the structural variability of highly dynamic
regions of the human genome, such as the Y chromo-
some. According to recent research on semen samples
from 222 infertile patients with abnormal semen param-
eters, after standard diagnosis, the Y chromosome struc-
tural variations in 31.88% of the cases have been over-
looked (Liu et al., 2021). The NGS method can replace the
standard Y chromosome testing and enables the detec-
tion of new CNVs; nevertheless, its clinical significance
remains often unknown.

I RNA sequencing and epigenetics analysis
in male infertility

RNA-sequencing (RNA-Seq) with NGS is becoming
a common tool for transcriptome profiling. A transcrip-
tome is a complete set of transcripts at a given time in ana-
lyzed cells, containing the messenger RNA (mRNA), long
non-coding RNAs (IncRNA), and small RNAs including
microRNA (miRNA), small-interfering RNA (siRNA),
transfer RNA (tRNA), ribosomal RNA (fRNA) and piwi-in-
teracting RNA (piRNA). The RNA-Seq provides compre-
hensive information on the quantitative level of indi-
vidual genes and structural changes in the transcriptome,
including the gene fusions and alternative splicing (Wang
etal., 2009). MiRNA molecules are profusely abundant in
the seminal plasma of men and participate in the control
of each stage of male germ cell differentiation during
spermatogenesis (Kotgja, 2014). Therefore, the expres-
sion of various RNA molecules could be helpful as poten-
tial biomarkers of male infertility (Barceld et al., 2018).

Previous scientific results of broad studies using
RNA-Seq demonstrated significant differences in
spermatic miRNA expression profiles correlated with
sperm DNA fragmentation index (Li et al., 2020) or the
occurrence of azoospermia (Tang et al., 2018; Cheung
et al., 2019). A very advanced study of the transcrip-
tome with the co-expression analysis of various types

of RNA particles conducted on 25 patients with asthe-
nozoospermia and 25 male normal healthy individuals
indicated IncRNA-mRNA-miRNA regulation networks
that may be involved in the pathological mechanisms of
asthenozoospermia (Lu et al., 2020). However, relatively
few of these experiments in male infertility research
have been described.

It is worth noting that the regulation of transcription
belongs to important epigenetic mechanisms after DNA
methylation, remodeling of chromatin, and histone tail
modifications. Epigenetic biomarkers, which can incorpo-
rate information from the genetic background, lifestyle,
and environmental factors, are extremely interesting and
potentially crucial in elucidating the cause of idiopathic
male infertility (Gunes and Esteves, 2021). Available epi-
genetic studies in male infertility mainly concern human
sperm DNA methylome analysis because DNA methyla-
tion is a heritable epigenetic modification of cytosine
residues within CpG dinucleotides and less frequently of
adenine residues in non-CpG sites. This pattern is deter-
mined using bisulfite conversion sequencing, which can
be done as target enrichment or whole-genome bisulfite
sequencing. This approach makes it possible to evaluate,
e.g., the DNA methylation profile of human sperm during
aging. Cao and co-authors observed thousands of age-
related and sperm-specific epigenetic alterations in their
investigation. These findings show massive human sperm
DNA methylation dynamics during paternal aging, which
can subsequently affect genes potentially related to dis-
eases in offspring (Cao et al.,, 2020). From a laboratory per-
spective, global analysis of methylation profile in sperm
is challenging, as many external factors can distort the
results. However, it may help identify modifiable risk
causes of male infertility in the future.

B Semen microbiota in male infertility

The diagnosis of infertility uses the NGS also for the
characteristics of the microbiome of the reproductive
system. As the human body contains more microbes
than human cells, the microbiome (the ‘second human
genome’) has a vast potential to influence human phys-
iology (Tsonis et al., 2021). To date, the use of NGS sup-
ports the explanation of the functional, quantitative,
and mechanical aspects of the complex microorgan-
ism-host interactions, particularly those concerning
the gut microbiome. Bacterial identification methods
performed in previous studies were either PCR-based
or culture methods. NGS metagenomic analysis based
on bacterial 16S rRNA gene sequencing revolutionized
microbiome research. A significant advantage of NGS
over traditional methods is that it enables the detection
and classification of all microorganisms according to taxa
down to the species level. This technology has changed
the knowledge of the percentage of microbiota, as it
also detects and characterizes taxa that are uncultured
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in vitro (they do not survive outside the host organism).
[t is particularly surprising that quantitatively as many
as 97% of the microorganisms of the semen microbiota
are uncultured or unknown species (unpublished own
research). The sperm microbiome is an area of growing
scientific interest due to important implications for male
reproductive health, the health of couples, and even the
health of the offspring by transmitting microorganisms
to the partner and offspring (Chen et al., 2018; Baud et al.,
2019, Altmde et al., 2019).

The first analysis approach using NGS technology
to investigate the associations between bacterial com-
munities and semen quality was performed in 2014
for 96 semen samples (Weng et al., 2014). The results
showed that the most abundant genera among all the
samples were Lactobacillus (19.9%), Pseudomonas (9.85%),
Prevotella (8.51%), and Gardnerella (4.21%). The proportion
of Lactobacillus and Gardnerella was significantly higher in
the normal samples. At the same time, Prevotella abun-
dance was significantly higher in the low-quality semen
samples. An indication of a particular species of bacteria
impacting sperm function may facilitate the develop-
ment of new therapies (e.g., probiotics). However, the
current data are often not repetitive, inconclusive, and
concern small groups of patients. Therefore more research
is needed (Farahani et al., 2021).

B Final remarks

The implementation of NGS analysis in male infertility
diagnostics is currently the subject of intense debate. This
technology offers many benefits, opens up new possibili-
ties, and makes diagnostics more effective, but on the
other hand, there are barriers to its introduction into eve-
ryday practice. This technology, through improvements,
enables not only reading the sequence of genetic mate-
rial and the detection of SN'Vs but also quantification
to detect CN'Vs and chromosomal aberrations, including
balanced translocations. The standard approach to male
infertility using classical karyotyping and chromosome
Y microdeletion testing overlooks the monogenic causes
of male infertility. WGS and other NGS applications will
probably soon replace cytogenetic methods in analyzing
chromosomal aberrations by raising the resolution and
enriching diagnostics to detect rare point variants under-
lying male infertility. A barrier against this breakthrough
is generating a lot of data in NGS, which needs enormous
computing power resources and experienced bioinfor-
matics staff. NGS panel genes seem to be a solution to this
problem; however, there are no selected genes that can
be used diagnostically. The clinical significance of many
detected variants often remains unknown. In approxi-
mately 40% of male patients, the etiology of reproduction
failure remains undetermined. NGS research also in sperm
epigenetics and microbiota may significantly contribute
to explaining the cause of idiopathic male infertility.
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