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Abstract Objectives: To identify the role of next-generation sequencing (NGS) in
male infertility, as advances in NGS technologies have contributed to the identifica-
tion of novel genes responsible for a wide variety of human conditions and recently
has been applied to male infertility, allowing new genetic factors to be discovered.

Materials and methods: PubMed was searched for combinations of the following
terms: ‘exome’, ‘genome’, ‘panel’, ‘sequencing’, ‘whole-exome sequencing’, ‘whole-
genome sequencing’, ‘next-generation sequencing’, ‘azoospermia’, ‘oligospermia’,
‘asthenospermia’, ‘teratospermia’, ‘spermatogenesis’, and ‘male infertility’, to iden-
tify studies in which NGS technologies were used to discover variants causing male
infertility.

Results: Altogether, 23 studies were found in which the primary mode of variant
discovery was an NGS-based technology. These studies were mostly focused on
patients with quantitative sperm abnormalities (non-obstructive azoospermia and
oligospermia), followed by morphological and motility defects. Combined, these
studies uncover variants in 28 genes causing male infertility discovered by NGS
methods.
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Conclusions: Male infertility is a condition that is genetically heterogeneous, and
therefore remarkably amenable to study by NGS. Although some headway has been
made, given the high incidence of this condition despite its detrimental effect on
reproductive fitness, there is significant potential for further discoveries.

� 2018 Production and hosting by Elsevier B.V. on behalf of Arab Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Overview of next-generation sequencing (NGS)1

technologies in the study of genetic disease

Genetic investigation of human populations has made
remarkable advances in recent years, owing to the devel-
opment and availability of NGS platforms. In contrast
to the laborious process of single-gene mutation screen-
ing through exon-by-exon amplification and Sanger
sequencing, NGS enables the interrogation of large pan-
els of genes in a single experiment and at a reasonable
cost [1–3].

NGS can be broadly classified into two categories:
targeted panels or whole genome. Targeted methods
(sometimes also referred to as ‘panel sequencing’)
include investigation of a group of genes (referred to
as a ‘gene panel’), usually selected on the basis of known
disease association, or expanded to include genes within
known disease pathways. Commercially produced
custom-capture panels may be tailored to fit any number
of genomic fragments of interest. The most comprehen-
sive panel approach is therefore whole-exome sequenc-
ing, in which all coding regions are captured and
sequenced. Typical whole-exome sequencing panels also
capture flanking regulatory regions, enabling assessment
of mutations affecting conserved but non-coding genic
elements, e.g. splice junctions and 30 and 50 untranslated
region (UTR) sequences [4].

Beyond whole-exome sequencing, whole-genome
sequencing is used to discover variants in the entire
human genome. Alongside the advantage of covering
non-coding and inter-genic regions, whole-genome
sequencing does not require target enrichment prior to
sequencing, and thus is possible with minimal sample
preparation and results in sequenced fragments that
appear evenly distributed across all chromosomes. This
random distribution results in similar coverage across
most of the genome, which means that variants can be
reliably called at average genome depth as low as 20�.
This is contrary to panel-based (e.g., whole-exome
sequencing) in which target enrichment and PCR ampli-
fication may yield highly variable coverage profiles
exome-wide, resulting in some exons being missed by
chance. Whilst these areas can be discovered through
bioinformatics later, re-interrogating them manually is
labour intensive. Another important advantage of
whole-genome sequencing is the ability to detect
genome-wide structural variants (including copy num-
ber variants [CNVs]) [5,6]. Given the number of human
disorders related to structural variants, a single test that
can assess both large and small genomic variation is
sometimes preferable, and the cost of whole-genome
sequencing for these diseases is justified as only slightly
higher than the cost of running a microarray and whole-
exome sequencing separately for the same individual.

Technical considerations for study design

Because a single sequencing experiment may produce
hundreds of millions of reads per sequencing lane, target
coverage, and by extension variant calling quality, is
highly dependent on the total number of regions being
interrogated. The same number of reads that can cover
a single genome for an average depth of 30� can cover
a single exome (�20000 genes) for an average depth of
>300�, representing a gross inefficiency in the use of
sequencing reagents. This can be overcome using multi-
plexing strategies, e.g. sample barcoding, which allows
sequencing more than one individual’s exome in the
same sequencing lane followed by bioinformatics assign-
ment of each read to each sample based on unique bar-
codes. This allows for >5 exomes to be ‘multiplexed’ in
a single lane, with each being read to an average depth
>60� with the same reagents consumed reading a single
genome at 30� [4]. This effect is multiplied several-fold

1 Abbreviations: ADGRG2, adhesion G protein-coupled receptor

G2; BRDT, bromodomain testis associated; CBAVD, congenital

bilateral absence of the vas deferens; CEP135, centrosomal protein

135; CFAP, cilia- and flagella-associated protein; CFTR, cystic fibrosis

transmembrane conductance regulator; CNV, copy number variant;

DFS, dysplasia of the sperm fibrous sheath; DNAH(1)(6), dynein

axonemal heavy chain (1) (6); DNMT3L, DNA methyltransferase 3

like; GWAS, genome-wide association study; HLA(-DRB1) (-DQA1),

major histocompatibility complex, class II, (-DR b1) (-DQ a1); ICSI,
intracytoplasmic sperm injection; IVF, in vitro fertilisation; MAGEB4,

MAGE family member B4; MEIOB, meiosis specific with OB

domains; NGS, next-generation sequencing; NOA, non-obstructive

azoospermia; NPAS2, neuronal PAS domain protein 2; NPHP4,

nephrocystin 4; PCD, primary ciliary dyskinesia; SIRPA, signal

regulatory protein a; SIRPG, signal regulatory protein c; SNV, single

nucleotide variant; SOX5, SRY-box 5; SPAG17, sperm-associated

antigen 17; SPINK2, serine peptidase inhibitor, Kazal type 2; SUN5,

Sad1 and UNC84 domain containing 5; SYCE1, synaptonemal

complex central element protein 1; SYCP3, synaptonemal complex

protein 3; TAF4B, TATA-box binding protein associated factor 4b;

TDRD9, Tudor domain containing 9; TEX(14)(15), testis expressed

(14) (15); UTR, untranslated region; ZMYND15, zinc finger MYND-

type containing 15.
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