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Abstract
Globozoospermia is a rare phenotype of primary male infertility inducing the production of round-headed spermatozoa 
without acrosome. Anomalies of DPY19L2 account for 50–70% of all cases and the entire deletion of the gene is by far the 
most frequent defect identified. Here, we present a large cohort of 69 patients with 20–100% of globozoospermia. Genetic 
analyses including multiplex ligation-dependent probe amplification, Sanger sequencing and whole-exome sequencing iden-
tified 25 subjects with a homozygous DPY19L2 deletion (36%) and 14 carrying other DPY19L2 defects (20%). Overall, 11 
deleterious single-nucleotide variants were identified including eight novel and three already published mutations. Patients 
with a higher rate of round-headed spermatozoa were more often diagnosed and had a higher proportion of loss of function 
anomalies, highlighting a good genotype phenotype correlation. No gene defects were identified in patients carrying < 50% 
of globozoospermia while diagnosis efficiency rose to 77% for patients with > 50% of globozoospermia. In addition, results 
from whole-exome sequencing were scrutinized for 23 patients with a DPY19L2 negative diagnosis, searching for deleterious 
variants in the nine other genes described to be associated with globozoospermia in human (C2CD6, C7orf61, CCDC62, 
CCIN, DNAH17, GGN, PICK1, SPATA16, and ZPBP1). Only one homozygous novel truncating variant was identified in the 
GGN gene in one patient, confirming the association of GGN with globozoospermia. In view of these results, we propose a 
novel diagnostic strategy focusing on patients with at least 50% of globozoospermia and based on a classical qualitative PCR 
to detect DPY19L2 homozygous deletions. In the absence of the latter, we recommend to perform whole-exome sequencing 
to search for defects in DPY19L2 as well as in the other previously described candidate genes.

Introduction

Infertility is a major health concern, affecting approximately 
50 million couples worldwide (Mascarenhas et al. 2012), or 
12.5% of women and 10% of men (Datta et al. 2016). Among 
the factors leading to male infertility, alterations of spermat-
ogenesis are the major cause including quantitative defects 
(azoo- or oligozoospermia) or qualitative defects (teratozoo-
spermia or asthenozoospermia). Globozoospermia is a rare 
(incidence 0.1%) and severe form of teratozoospermia char-
acterized by the presence in the ejaculate of a large majority 
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of round spermatozoa without acrosome (#MIM102530). 
Globozoospermic sperm are thus unable to adhere and to 
penetrate the zona pellucida, causing primary infertility. It is 
important to differentiate total globozoospermia referring to 
patients with a homogeneous phenotype with ~ 100% round-
headed sperm and partial globozoospermia with a variable 
percentage of spermatozoa of typical shape (Fig. 1). A mini-
mum threshold of 20–50% of round-headed spermatozoa is 
commonly used in the literature to confirm the diagnosis of 
globozoospermia (Dam et al. 2007, 2011; Modarres et al. 
2018; Oud et al. 2020).

Genetics analyses permitted to decipher the different 
factors involved in the pathogenesis of globozoospermia. 
Alterations of many genes encoding for proteins involved 
in several critical steps of acrosome biogenesis such as the 
vesicle transport from the Golgi to the acrosome, vesicle 
fusion, and membrane interaction, have been demonstrated 
to be responsible for globozoospermia or globozoospermia-
like phenotypes (Coutton et al. 2015). As the phenotype is 
very severe and specific, all cases of total globozoospermia 
are believed to have a genetic cause. To date, mutations in 
C2CD6, C7orf61, CCDC62, CCIN, DNAH17, GGN, PICK1, 
SPATA16 and ZPBP1 have all been described in globozoo-
spermia patients, but only a handful of patients carrying 
variants in any of these genes have been described (Dam 
et al. 2007; Liu et al. 2010; Yatsenko et al. 2012; ElInati 
et al. 2016; Oud et al. 2020). The main genetic causes of 
total globozoospermia are alterations of the DPY19L2 gene 
which are found in approximately two-thirds of globozoo-
spermic patients (Coutton et al. 2015).

DPY19L2, located in 12q14.2, is predominantly expressed 
in the testis and encodes a transmembrane protein which is 
part of the DPY19 protein family. The study of wild type 

and homozygous knock out (KO) Dpy19l2 male mice 
demonstrated that the protein is present from the round 
spermatid stage onwards and that it localizes to the inner 
nuclear membrane, exclusively in regards to the forming 
acrosome (Pierre et al. 2012). In the absence of DPY19L2, 
the forming acrosome separates from the nucleus before 
being totally removed from the sperm with the cytoplas-
mic droplets, demonstrating that DPY19L2 is necessary to 
anchor the acrosome to the nucleus (Pierre et al. 2012). In 
addition to its structural function during acrosome biogen-
esis, the C-mannosyltransferase function of its ancestral 
protein DPY-19 has raised the hypothesis that DPY19L2 
may have a function in glycosylation of sperm proteins but 
this remains to be demonstrated (Buettner et al. 2013). A 
recurrent 200-kb homozygous deletion is the most frequent 
event affecting DPY19L2, identified in a variable proportions 
of globozoospermic patients ranging from 19% (Koscinski 
et al. 2011) to 75% (Harbuz et al. 2011). This variability 
may be explained in part by the geographical origins of the 
studied cohorts of patients, the degrees of consanguinity of 
the studied patients but mainly by the inclusion of different 
proportion of patients with partial globozoospermia (Ray 
et al. 2017). The mechanism leading to the deletion is, how-
ever, consensual and was described to be due to a non-allelic 
homozygous recombination (NAHR) occurring between two 
homologous 28-kb low copy repeats (LCRs) located on each 
side of the gene (Harbuz et al. 2011; Koscinski et al. 2011; 
Elinati et al. 2012; Coutton et al. 2013). Many point muta-
tions and small deletions have also been described as causal 
(Elinati et al. 2012; Modarres et al. 2016; Chianese et al. 
2015; Shang et al. 2019; Coutton et al. 2012b; Zhu et al. 
2013; Ghédir et al. 2016; Oud et al. 2020). Overall, a total 
of 22 deleterious variants has been described including five 

Fig. 1   Optical microscopic observations of spermatozoa. 
Scale = 10  µM. The acrosome is at the tip of the white arrow. a 
Semen of a control patient with only normal spermatozoa (absent 
from the cohort). Zoom on a spermatozoon’s head of typical shape 
(white square in the upper right corner). The acrosome can be identi-
fied as the white halo at the front of the head. The nucleus is the black 
part closer to the intermediate piece. b Semen from a patient with 
partial globozoospermia. Zoom on a round headed spermatozoon 

whithout acrosome, the shape of the head follows the shape of the 
nucleus (white square in the upper right corner). Zoom on a sperma-
tozoon with an intermediate shape close to the normal spermatozoon 
in image a, but with a smaller irregular acrosome at the front (white 
square in the lower left corner). c Semen of a patient with total globo-
zoospermia containing only globozoospermic spermatozoa. Zoom on 
a round headed spermatozoon without acrosome, similar to the one 
on image b (white square in the upper right corner)
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splice variants, nine loss of function variants, a deletion of 
three nucleotides and seven missense variants (Fig. 2). All 
of them represent approximately 20% of the pathological 
alleles (Ray et al. 2017). Based on these data, the consensual 
diagnosis strategy for patients presenting a total or partial 
globozoospermia is to first screen for the presence of the 
DPY19L2 gene deletion before searching for DPY19L2 point 
mutations and then defects in other candidate genes.

Here we present the genetic results from a large cohort 
of 69 patients presenting with globozoospermia. We per-
formed a first-line screening using MLPA for all patients 
allowing to quantify the number of DPY19L2 alleles present 
in each patient. In the absence of a homozygous deletion of 
the whole gene, we subsequently performed either Sanger 
sequencing of the 22 DPY19L2 exons and/or whole-exome 

sequencing (WES). We identified eight novel homo- or 
hemizygous point mutations, three causal variants already 
reported in other publications and two heterozygous variants 
of unknown significance. Then we continued the analysis 
in 23 patients without a causal DPY19L2 anomaly and for 
which we performed a whole exome sequencing allowing 
us to look for variants in the genes described to be associ-
ated with globozoospermia in Human (C2CD6, C7orf61, 
CCDC62, CCIN, DNAH17, GGN, PICK1, SPATA16 and 
ZPBP1). For these nine genes analysed in 23 subjects, we 
only identified one deleterious variant present in a sin-
gle patient. The variant was a homozygous loss of func-
tion variant affecting the GGN gene. We also compared 
the sperm parameters in our cohort of patients accord-
ing to their DPY19L2 genotype to explore a potential 
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PERINUCLEAR 
SPACE

INNER 
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Punctual mutations on DPY19L2 gene present in our cohort of globozoospermic men
Punctual mutations on DPY19L2 gene already published
* Three punctual mutations already published and present in our cohort of patients

Fig. 2   Location of the point mutations found on the DPY19L2 gene 
and their consequence on the DPY19L2 protein. a Location of the 30 
deleterious variants present on DPY19L2 including six splice vari-
ants, 11 loss of function variants, a deletion of three nucleotides and 
12 missense variants. Exons are indicated as a black box, untranslated 
region as a clear box, introns as a line, the localization of the identi-
fied point mutations is shown by a line and the span of the identi-
fied genomic deletions is indicated by a black line with two arrows 
at the end. The numbers under the boxes indicate the exon number. 
Point mutations identified in our present work among 69 globozoo-
spermic patients are represented in red and bold. Point mutations in 

319 already published patients are represented in black and bold. An 
asterisk marks the three variants present in our cohort and already 
present in the literature. b Representation of the DPY19L2 protein 
and its eleven transmembrane domains with first and last transmem-
brane domains amino-acid (black numbers), our missense muta-
tions (blue segment) and truncating mutations (red segment). Exon 
8 contains four different missense mutations, impacting 56.5% of 
all published patients with a causal missense mutation on the third 
extramembrane domain in the perinuclear space and the sixth  trans-
membrane domain [a Adapted from Zhu et al. (2013)]
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genotype–phenotype correlation. This work permitted to 
identify new deleterious variants and to refine the current 
diagnostic strategy for globozoospermia.

Materials and methods

Patients

We recruited 73 patients, all addressed to Grenoble Hos-
pital between 2012 and 2019 for the genetic investigation 
of globozoospermia. All patients had a medical consulta-
tion for infertility and a sperm analysis revealing com-
plete or partial globozoospermia. Informed consent was 
obtained from all the patients participating in the study 
according to local protocols and the principles of the Dec-
laration of Helsinki. The study was approved by local eth-
ics committees, and samples were then stored in the CRB 

Germethèque (certification under ISO-9001 and NF-S 
96-900) following a standardized procedure or were part of 
the Fertithèque collection declared to the French Ministry 
of health (DC-2015-2580) and the French Data Protection 
Authority (DR-2016-392). Most patients originated from 
France (43/73 patients) or North Africa (n = 26 including 
13 from Tunisia, 12 from Algeria and one from Morocco) 
but also from Turkey (n = 3), Cape-Verde (n = 1), Iraq 
(n = 1). All patients were unrelated and unpublished glo-
bozoospermic patients except for three Algerian patients 
who are brothers. Within our cohort, ten patients reported 
consanguinity in their family. Their geographical origin is 
representative of the cohort with five patients from France, 
three patients from North Africa (two Tunisians and one 
Algerian), one patient from Iraq and finally one of Turkey. 
We excluded patients with less than 20% of round-headed 
spermatozoa without acrosome and patients with a sperm 
concentration under 1 million/mL (Fig. 3). Overall 69 
patients were analysed and are presented here.

DPY19L2 
SEQUENCING (n=44)

MLPA (n=69)

EXCLUSION (n=4)

INCLUSION (n=73)

No iden�fied 
variant (n=25)

Heterozygous 
variant (n=2) 

Homozygous 
missense variant 

(n=5)
Homozygous loss of 

func�on variant 
(n=1)

No iden�fied 
muta�on (n=3) 

Missense variant 
(n=5)

Loss of func�on 
variant (n=3)

2 copies
DPY19L2: wild 

type (n=33)

1 copy
DPY19L2 : 

heterozygous 
dele�on (n=11)

0 copy
DPY19L2 : 

homozygous 
dele�on (n=25)

73 
globozoospermic 

pa�ents

Excluded 
pa�ents (n=4)

Absence of impact

Probable altered 
func�on of the protein

Loss of func�on

Explora�on of 
candidate genes 

iden�fied by Whole 
Exome Sequencing

(n=23)

GGN
Homozygous 

loss of func�on 
variant (n=1)

Other candidate 
genes : In progress

(n=22)

Fig. 3   Schematic representation of the molecular diagnostic inves-
tigations carried out on the cohort of 69 patients with globozoo-
spermia. Seventy-three patients were recruited, we excluded four sub-
jects because of a low rate of round-headed spermatozoa (n = 1) or 
a low concentration of sperm in the ejaculate (n = 3). We performed 
MLPA on 69 patients and diagnosed 25 homozygous DPY19L2 dele-
tions. We carried out Sanger sequencing of DPY19L2 22 exons in 11 
heterozygous patients and diagnosed five patients with a missense 
variant and three patients with loss of function variant on their only 
allele. Among 33 patients without any DPY19L2 deletion detected 
by MLPA, we detected one patient with a homozygous loss of func-

tion variant, five patients with a missense variant and two patients 
with a single heterozygous variant. Twenty-five patients presented no 
anomalies in DPY19L2. Among the 30 patients without any detected 
DPY19L2 causal anomaly, we performed whole-exome sequencing 
for 23 of them and detected only one homozygous loss of function 
variant in GGN in one patient. Gene defects were only search in the 
genes already associated with globozoospermia in Human (C2CD6, 
C7orf61, CCDC62, CCIN, DNAH17, GGN, PICK1, SPATA16 and 
ZPBP1). For the 22 other patients, no deleterious variants were iden-
tified in these genes and investigations are pursued to identify new 
globozoospermia candidate genes

Author's personal copy



47Human Genetics (2021) 140:43–57	

1 3

Semen analysis

Sperm analysis was performed during the routine bio-
logical examination of the patients according to World 
Health Organization Guidelines (Cooper et al. 2010). It 
was carried out in different source laboratories and proto-
col variations cannot be excluded. Sperm parameters from 
the different groups of patients were compared according 
to their genotype, as described in Table 1. A two-tailed t 
test analyzing was employed to identify significant differ-
ences between patient groups using GraphPad Prism ver-
sion 8.4.2 for Windows, GraphPad Software, San Diego, 
CA, USA, https​://www.graph​pad.com.

DNA extraction

DNA was extracted from blood and saliva samples. Saliva 
was collected with ORAGEN DNA OG-500 kits from 
DNA GENOTEK Inc and extraction was performed using 
the manufacturer’s recommendation. Concerning blood 
samples, DNA was isolated from EDTA blood using the 
DNeasy Blood & Tissue Kits from QIAGEN SA (Courta-
boeuf, France).

MLPA analysis

MLPA analysis uses probes specific of exons 1, 17 and 
22 according to our protocol, already described by Cout-
ton et al. (2012a, b). We realized it to investigate DPY19L2 
entire gene deletion in 69 patients.

Whole‑exome sequencing and bioinformatics 
analyses

Whole-exome sequencing was performed for 28 out of 69 
patients without DPY19L2 homozygous deletion. Coding 
regions and intron/exon boundaries were sequenced after 
enrichment using SureSelect Human All Exon V6—from 
Agilent. An alignment-ready GRCh38 reference genome 
(including ALT, decoy and HLA) was produced using “run-
gen-ref hs38DH” from Heng Li’s bwa kit package (https​
://githu​b.com/lh3/bwa). The exomes were analyzed using a 
bioinformatics pipeline developed in-house. The pipeline 
consists of two modules, both distributed under the GNU 
General Public License v3.0 and available on github. The 
first module (https​://githu​b.com/ntm/grexo​me-TIMC-Prima​
ry) takes FASTQ files as input and produces a single merged 
GVCF file, as follows. Adaptors are trimmed and low-quality 
reads filtered with fastp 0.20.0 (Chen et al. 2018), reads are 
aligned with BWA-MEM 0.7.17 (Li 2013), duplicates are 

Table 1   Comparison of sperm 
parameters between groups 
according to the patients’ 
genotype

Values are expressed in percent, unless specified otherwise
SD standard deviation

Patients Group 1: loss of func-
tion anomaly (n = 30)

Group 2: hemi- or 
homozygous missense 
mutation (n = 10)

Group 3: absence 
of causal anomaly 
(n = 29)

Mean SD Mean SD Mean SD

Sperm volume (mL) 3.42 1.32 3.07 1.78 3.64 1.53
Nbspz (× 106/mL) 73.18 47.95 49.34 56.20 33.03 38.22
Vitality 68.67 14.43 62.86 16.70 53.70 16.37
Motility (A + B. 1 h) 30.62 10.94 20.13 9.78 23.50 16.86
Round cells (× 106/mL) 3.22 4.26 4.38 7.73 3.18 3.08
Normal spermatozoa 0.06 0.24 0.00 0.00 2.08 3.60
Intermediate piece angulation 16.00 10.19 17.33 9.78 24.04 14.16
Rolled flagella 14.07 8.81 21.17 11.98 12.12 9.10
Flagella of irregular caliber 2.93 6.42 1.00 0.89 2.77 8.54
Shortened flagella 0.93 1.34 1.80 2.71 3.15 2.80
Absence of flagella 1.43 2.06 4.00 3.90 3.12 4.08
Multiple flagella 1.29 1.58 1.67 1.37 2.12 3.57
Multiple heads 1.43 1.72 2.67 4.68 2.85 3.59
Acrosome anomaly 98.96 3.21 97.75 3.67 92.75 11.14
Round head 94.33 11.51 89.33 17.26 60.08 29.43
Microcephaly 81.79 32.62 68.67 26.66 40.77 28.72
Base anomaly 23.23 34.96 23.00 24.80 47.48 31.31
Multiple anomalies index 2.62 0.59 2.35 0.54 2.66 0.58
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marked using samblaster 0.1.24 files are sorted and indexed 
with samtools 1.9 (Li et al. 2009). SNVs and short indels are 
called from each BAM file using strelka 2.9.10 (Kim et al. 
2018) to produce individual GVCF files. These are finally 
merged with merge GVCFs_strelka.pl to obtain a single 
multi-sample GVCF, which combines all exomes available 
in our laboratory. The second module (https​://githu​b.com/
ntm/grexo​me-TIMC-Secon​dary) takes this merged GVCF 
as input and produces annotated analysis-ready TSV files. 
This is achieved by performing up to 15 streamlined tasks, 
including the following. Low-quality variant calls (DP < 10, 
GQX < 20, or less than 15% of reads supporting the ALT 
allele) are discarded. Variant Effect Predictor v92 (McLaren 
et al. 2016) is used to annotate the variants and predict their 
impact, allowing to filter low-impact variants and/or prior-
itize high-impact ones (e.g. stop-gain or frameshift variants). 
Gene expression data from the Genotype-Tissue Expression 
project (GTEx v7) are added. Variants with a minor allele 
frequency greater than 1% in gnomAD v2.0, 3% in 1000 
Genomes Project phase 3, or 5% in NHLBI ESP6500 are fil-
tered. Variants are also compared to those obtained from 250 
exomes of healthy control individuals or of patients present-
ing a clearly different phenotype. Because all variants result 
from the same bioinformatics pipeline, this allows to filter 
artifacts due to the pipeline itself, as well as genuine variants 
that may be missing from public databases but are actually 
not so rare in our cohorts. Finally, the resulting TSV files 
can be opened with spreadsheet software such as LibreOffice 
Calc or Microsoft Excel for further filtering and sorting, to 
identify candidate causal variants.

Candidate variants identified in DPY19L2 and other genes 
were subsequently confirmed by Sanger sequencing using an 
Applied Biosystems 3500XL Genetic Analyzer. Analyses 
were performed according to the protocol described below.

DPY19L2 Sanger sequencing

Full DPY19L2 Sanger sequencing was performed for 16 
patients including five patients without DPY19L2 deletion 
and 11 patients with a heterozygous deletion.

The 22 DPY19L2 exons and intronic boundaries were 
amplified using the PCR primers described in supplemen-
tary Table 1. Sequencing reactions were performed using 
the BigDyeTerminator v3.1 sequencing kit (Applied Bio-
systems) and sequence analyses were carried out on an 
ABI3500XL Genetic Analyzer (Applied Biosystems). 
Sequences were analyzed using the Seqscape software 
(Applied Biosystems). The nomenclature of the identified 
variants was established according to Human Genome Vari-
ation Society (HGVS) (den Dunnen and Antonarakis 2000). 
Sequence numbering refers to ENST00000324472 for the 
cDNA sequence and variations or probes are based on the 
UCSC GRCh38/hg38 assembly.

In silico analyses of sequence variants

The pathogenicity of the identified variants was predicted 
using Varsome (https​://varso​me.com/) (Kopanos et al. 2019) 
and Polyphen (https​://genet​ics.bwh.harva​rd.edu/pph2/index​
.shtml​) (Adzhubei et al. 2010). The potential effect of these 
variants on RNA splicing was assessed with Human Splic-
ing Finder—V3.1 (https​://www.umd.be/HSF) (Desmet et al. 
2009).

Results

A total of 73 globozoospermic men were addressed for the 
genetic analysis of DPY19L2. Four patients were excluded 
as they did not pass the eligibility criteria: one had less than 
20% of globozoospermic spermatozoa and three had an 
insufficient sperm concentration (< 1 million/mL) (Fig. 3).

DPY19L2 investigations in our cohort of 69 
globozoospermic patients

We performed MLPA analysis on 69 DNA samples extracted 
from globozoospermic patients: 25 carried a homozygous 
deletion of the whole DPY19L2 gene (36.2%) including 
the three Algerian brothers, 11 had a heterozygous dele-
tion (15.9%) and 33 patients harbored no DPY19L2 deletion 
(47.8%) (Fig. 3).

Further analyses were carried out for the 44 subjects who 
did not carry a homozygous deletion. Sanger sequencing of 
DPY19L2 22 exons was performed for 16 patients including 
the first five recruited patients without DPY19L2 deletion 
and all patients (n = 11) carrying a heterozygous deletion. 
Whole exome sequencing was performed on the remaining 
28 non-deleted patients.

For the heterozygous deleted subjects, eight patients 
(73%) harbored a hemizygous deleterious mutation on their 
unique allele and no deleterious variants were identified in 
the three remaining subjects (Fig. 3). For the 33 patients 
without the DPY19L2 deletion, six had a homozygous vari-
ant (6/33, 18.2%) and two had a heterozygous variant (2/33, 
6.1%) (Fig. 3). These two variants correspond to a missense 
mutation in exon 14, c.1478C>G; p.Thr493Arg, with an 
uncertain impact on the protein (Polyphen score of 0.372, 
predicted as benign while SIFT indicated the variant as path-
ogenic with a score of 0.01) and the other is a synonymous 
mutation, c.1461G>A; p.Ala487=, affecting the last nucleo-
tide of the exon 14 and predicted by human splicing finder 
(HSF) to alter the donor splice site of the intron 14 (Table 2).

Overall 14 patients out of 44 without a homozygous dele-
tion (32%) were considered to have a positive DPY19L2 
diagnosis including eight compound heterozygous with a 
heterozygous deletion and a point mutation and six with a 
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homozygous variant. In total, 11 different causal variants 
were identified. There were four loss of function variants 
and seven missense mutations (Figs. 2, 3). Patient 14IF02 
presents a c.1183delT; p.Ser395LeufsTer9 variant associated 
with a heterozygous deletion of the other allele (Table 2). 
This variant has already been reported in 2012 (Elinati 
et al. 2012), it produces a 403 amino acid truncated pro-
tein and removes the last three transmembrane domains 
and the C-terminal end (Fig. 2). The variant c.153_189del; 
p.Trp52SerfsTer7 is a homozygous frameshift mutation pre-
sents in patient 17IF120 (Table 2) which introduces a prema-
ture stop codon and leads to a truncated protein of 58 amino 
acids instead of 758. The mutation of patient 15IF090, 
c.1840G>T; p.Glu614Ter is associated with a heterozygous 
deletion of the entire gene (Table 2). It is also a truncating 
mutation which produces a protein of 613 amino acids by 
replacing the glutamine by a stop codon, eliminating the 
C-terminal domain of the protein (Fig. 2). We detected one 
splice site variant, c.1580+1G>A; p.512_527delfsTer5, on 
the only allele of patient 17IF108, abrogating the donor site 
at the beginning of the intron 16 (Table 2). The alternative 
splicing is predicted to cause skipping of exon 16 inducing 
a stop codon in position 517 (Fig. 2).

Concerning the missense variants, two were already 
reported in the literature and five are novel (Table 2; 
Fig. 2). The variant c.869G>A; p.Arg290His is the most 
frequently reported point mutation of DPY19L2 (Coutton 

et al. 2012b; Elinati et al. 2012; Zhu et al. 2013) and was 
found in two patients from our cohort in association with 
a heterozygous deletion of the other allele (Table  2). 
This variant affects an extramembrane domain likely 
located in the perinuclear space (Fig. 2). The c.892C>T; 
p.Arg298Cys variant is present with a homozygous status 
in three patients from our cohort (Table 2). It was also 
already described previously (Elinati et  al. 2012) as a 
deleterious mutation affecting a conserved amino acid in 
DPY19L2 sixth transmembrane domain (Fig. 2). Indeed, 
the change of an arginine at position 298 into a cytosine is 
extremely rare (GnomAD: 3.99*10–6) and this alteration 
is predicted to be deleterious by SIFT (score: 0) and Poly-
phen (score: 1). Interestingly, another patient (19U0058) 
presents a different coding variant affecting the same argi-
nine in position 298: c.893G>A; p.Arg298His (Table 2). 
Three other missense variants (c.586G>C; p.His192Arg, 
c.575A>G; p.Glu196Gln and c.925C>A; p.Gln309Lys) 
are each present in one patient of our cohort, all of them 
in association with a heterozygous deletion of DPY19L2 
gene (Table 2). A last homozygous missense variant was 
detected in patient 13IF035: c.1438G>A; p.Glu480Lys 
(Table 2). These four missense variants are all absent of 
the general population according to GnomAD and have a 
deleterious impact on DPY19L2 protein according to SIFT 
(score < 0.005) and Polyphen (score > 0.94).

Table 2   All point mutations identified in our cohort of 69 globozoospermic patients and their predicted impact according to ACMG classifica-
tion

All mutations are homozygous or hemizygous unless specified otherwise
*Coutton et al. (2012b), Elinati et al. (2012), Zhu et al. (2013)
**Elinati et al. (2012), Ghédir et al. (2016)
***Elinati et al. (2012)

Patient Genomic mutation Type of mutation Localization Protein modification ACMG classification 
(Richards et al. 2015)

16IF004 c.1461G>A Synonymous (heterozygous) Exon 14 p.Ala487= Likely pathogenic
15IF010 c.1478C>G Missense (heterozygous) Exon 14 p.Thr493Arg Uncertain significance
17IF120 c.153_189del Frameshift Exon 1 p.Trp52SerfsTer7 Pathogenic
16IF026 c.575A>G Missense Exon 4 p.His192Arg Likely pathogenic
14IF073 c.586G>C Missense Exon 4 p.Glu196Gln Likely pathogenic
19U0060
15IF090

c.869G>A* Missense Exon 8 p.Arg290His Likely pathogenic

12IF037
14IF051
17IF104

c.892C>T** Missense Exon 8 p.Arg298Cys Likely pathogenic

19U0058 c.893G>A Missense Exon 8 p.Arg298His Likely pathogenic
15IF087 c.925C>A Missense Exon 8 p.Gln309Lys Likely pathogenic
14IF02 c.1183delT*** Frameshift Exon 11 p.Ser395LeufsTer9 Pathogenic
13IF035 c.1438G>A Missense Exon 14 p.Glu480Lys Uncertain significance
17IF108 c.1580+1G>A Splice-site mutation Intron 16 p.512_527delfsTer5 Pathogenic
14IF069 c.1840G>T Nonsense Exon 19 p.Glu614Ter Pathogenic
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Overall, a causal alteration of the DPY19L2 gene 
was found in 39 patients (39/69, 56.5%) including 25 
patients with a homozygous deletion of the full gene 
(25/69, 36.2%), six carrying a homozygous deleterious 
point mutation (6/69, 8.7%) and eight carrying a het-
erozygous deletion and a hemizygous deleterious variant 
(8/69, 11.6%). No DPY19L2 defects were identified in 25 
subjects (25/69, 36%) and five patients harbored a single 
pathogenic alteration (5/69, 7.2%) including a heterozy-
gous DPY19L2 deletion for three patients (3/69, 4.35%) 
and a heterozygous point mutation for the other two (2/69, 
2.9%). As the transmission of DPY19L2-related globozoo-
spermia is strictly recessive these events were not con-
sidered to be responsible for the patients’ phenotype and 
a total of 30 patients were considered to have a negative 
diagnosis (30/69, 43.5%) (Fig. 3).

Among the ten patients reporting inbreeding in their 
family, only 30% (3/10) had a homozygous deletion, 20% 
(2/10) had a homozygous missense mutation, and 50% 
(5/10) had no DPY19L2 abnormalities.

Whole exome sequencing analysis of other genes 
involved in globozoospermia in human

Among the 30 patients without causal anomaly detected in 
DPY19L2, 23 had a whole exome sequencing performed 
(Fig. 3) and the seven others had only a Sanger sequenc-
ing of the DPY19L2 22 exons. Whole-exome sequencing 
allowed us to search for anomalies in all the know candi-
dates genes in globozoospermic patients (C2CD6, C7orf61, 
CCDC62, CCIN, DNAH17, GGN, PICK1, SPATA16, and 
ZPBP1) (Dam et al. 2007; Liu et al. 2010; Yatsenko et al. 
2012; ElInati et al. 2016; Oud et al. 2020). We only consid-
ered the variants affecting one of the nine candidate genes 
with a protein impact predicted to be deleterious. Only one 
homozygous frameshift variant was detected in one patient 
affected by a partial globozoospermia with 82% of round 
headed spermatozoa. This alteration is a deletion of 22 
nucleotides in GGN exon 3, c. 416_437del, introducing a 
stop codon in position 147 of the gametogenetin protein, 
p.Leu139ArgfsTer8 (Fig. 4). It induces the production of a 

c. 416_437del
A

B

C

RTU’34321RTU’5

p.Leu139ArgfsTer8 

2561946843211

GGNBP1 interaction domain

GGNBP2, OAZ3 and CRISP2 interaction domains

CCTCCGAGCCTCCGCCCGCTGAAGCCGCCGCCGCCGCCCCGGC

D FANCL CRISP2

OAZ3

GGN

GGNBP1 GGNBP2

Stop

Fig. 4   Representations of the loss of function variant found in GGN 
and Sanger validation. a GGN has four exons indicated as boxes 
including two coding exons (exons 3 and 4) indicated as black 
colored boxes, introns are represented with a line, the localization 
of the identified point mutations is shown by a line. Numbers under 
the boxes depict the exons and UTR domains of the gene. b Repre-
sentation of GGN protein; the anomaly is represented by a black line 
on amino acid 139 and the induced stop codon represented by a dot-
ted line in position 147. Three interaction domains are localized on 
the protein. The GGNBP1 interaction domain from amino acid 123 
to 486 and the GGNBP2 and OAZ3 interaction domain between 

positions 491 and 652. The CRSIP2 interaction domain overlaps 
the GGNBP2 and OAZ3 interaction domain and extends on the 
158 C-terminal amino acids. All these domains are impacted by the 
loss of function mutation of GGN. c Electropherograms of Sanger 
sequencing showing the deletion of 22 nucleotids in patient. The 
deleted nucleotids are represented in red and bold on the sequence 
below. d String representation of GGN proteic interactions with 
FANCL, CRISP2, GGNBP1, GGNBP2 and OAZ3. Proteins are rep-
resented by green circles linked by strings according to the existing 
evidence of functional link: an experimental or biochemical data (red 
string), the co-mention in a Pubmed abstract (blue string)
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truncated protein of 146 amino acids losing the interaction 
domain with GGNBP2 and OAZ3 in positions 491–652 and 
truncating the GGNBP1 interaction domain located in posi-
tions 123–486 (Fig. 4).

Comparison of sperm parameters

Sperm parameters were compared between three groups 
of patients according to their DPY19L2 genotype. The first 
group is composed of 28 patients who carry bi-allelic loss 
of function variants (25 patients with a homozygous deletion 
of DPY19L2 and four patients with homo- or hemizygous 
truncating mutations) for whom no functional DPY19L2 
protein is expected (Fig. 3). The second group is composed 
of ten patients carrying a deleterious homo- or hemizygous 
missense variant of DPY19L2 with an unpredictable effect 
on the protein expression or function (Fig. 3). The third 
group contains the 30 patients without bi-allelic alteration 
of DPY19L2, including patients with a unique heterozygous 
variant (Fig. 3).

Mean and standard deviation of all the sperm parameters 
for each group are presented in Table 1 and in Fig. 5. Sev-
eral sperm parameters are statistically different between the 
first group of patients (without functional protein) and the 
third group of patients (without genetic alterations) (Fig. 5). 
The first group presents a higher proportion of round 
headed spermatozoa with an adjusted p value = 0.000005 
and more microcephalic spermatozoa with an adjusted p 
value = 0.000061. Vitality and concentration of sperm are 
also increased in the first group with a respective adjusted 
p values of 0.006799 and 0.010454. The third group shows 

an increased frequency of shortened flagella (adjusted p 
value = 0.004551). The normal spermatozoa proportion is 
enhanced in the third group (adjusted p value = 0.049672). 
There was no significant difference between these two 
groups concerning the other sperm parameters (Fig. 5). No 
statistically significant differences were identified between 
the second group of patients carrying a missense mutation 
and the two other groups (Fig. 5).

Diagnostic performances

Table 3 presents the genetic results of DPY19L2 screening 
according to the rate of round-headed spermatozoa in our 
patients. We divided our cohort in three groups of patients: 
less than 50% of round headed spermatozoa, 50–89% and 
more than 90%. In these three groups we determined the 
proportion of each genetic profile (presence of a loss of 
function anomaly, presence of a causal missense mutation 
and the absence of DPY19L2 causal anomaly) to determine 
the diagnostic performance in each group. Interestingly, we 
observed no positive diagnosis in the first group of patients 
with less than 50% of globozoospermia whereas a positive 
diagnosis was obtained for nearly 74% of patients carrying 
a minimum of 50% of round-headed spermatozoa (Table 3). 
Logically, if we compare the patients with what could be 
described as total globlozoospermia (> 90% of globozoo-
spermia) with those with partial globozoospermia (50–89% 
of globozoospermia) we observe in the first group a higher 
diagnosis rate (80% vs 54%) and a higher percentage of loss 
of function variants (63% vs 31%).

Fig. 5   Bar chart representing 
mean and standard deviation 
(SD) for each sperm param-
eters between the three groups 
of patients according to their 
DPY19L2 genotype. No statisti-
cally significant differences 
exist between the group of 
patients carrying a missense 
mutation and the two other 
groups. The rate of normal 
spermatozoa is significantly 
enhanced, and the rate of 
globozoospermia significantly 
decreased, in patients without 
causal anomaly detected in 
DPY19L2 in comparison with 
patients with a loss of function 
variant, respective p values of 
0.049672 and 0.000005 (grey 
arrows)
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Discussion

This study outlines the genetic diagnosis investigations per-
formed in the largest cohort of globozoospermic patients 
published so far. We analyzed the DPY19L2 gene in 69 
patients from Europe, Africa and the Middle East, with a 
variable percentage of round headed spermatozoa ranging 
from 20 to 100%. We detected a DPY19L2 homozygous dele-
tion of the entire gene in 36.2% of our patients and causal 
point mutations in 20.3% (Fig. 3). We found three causal 
mutations already published in six patients: p.Arg290His, 
p.Arg298Cys and p.Ser395LeufsTer9 (Table 2) and dis-
covered eight novel point mutations each present in one 
patient including five missense (p.His192Arg, p.Glu196Gln, 
p.Arg298His (c.893G>A), p.Gln309Lys and p.Glu480Lys) 
and three loss of function mutations (p.Trp52SerfsTer7, 
p.512_527delfsTer5 and p.Glu614Ter) (Table 2). Comparing 
the phenotype of different groups of patients according to 
their genotype allowed us to observe a genotype–phenotype 
correlation and led us to new recommendations in terms of 
diagnosis process.

Our statistical results allowed us to correlate the identifi-
cation of DPY19L2 loss of function anomalies with a higher 
rate of globozoospermic spermatozoa and logically with a 
lower proportion of normal spermatozoa in comparison with 
patients without causal bi-allelic alteration of DPY19L2. In 
accordance with these correlations, we obtained a higher 
diagnostic performance, reaching 80%, in patients with 
at least 90% of round headed spermatozoa (Table 3) who 
could be considered as total globozoospermic patients. We 
observed that we found DPY19L2 bi-allelic causal anomalies 
exclusively in patients with more than 50% of globozoo-
spermia with a diagnostic performance of 73.6%, whereas 
our diagnostic performance was null in patients with less 
than 50% of globozoospermic spermatozoa (Table 3). This 
results led us to recommend to initiate a targeted search for 
DPY19L2 defects only in patients with a minimum of 50% of 
globozoospermic spermatozoa. Interestingly loss of function 
variants (in particular the complete DPY19L2 deletion) were 
twice as frequent in subjects with total globozoospermia 

(> 90%) compared with those with partial globozoospermia 
(50–89%).

Surprisingly we observed a decrease in shortened fla-
gella and an increased in microcephaly, vitality and sperm 
concentration in the group with loss of function variants. 
The difference in the rate of microcephalic sperm is prob-
ably explained by discrepancies in the semantic of different 
biologists: some characterizing round-headed sperm as glo-
bozoocephalic, others as microcephalic. We, therefore, do 
not feel that the observed difference is relevant. The other 
differences observed could be explained by the low specific-
ity of the recruitment, some centers prescribing the genetic 
analysis of DPY19L2 for patients with low percentage of 
globozoospermic spermatozoa. In addition, the size of our 
cohort and the wide geographical origins of our patients 
could also contribute to the observed phenotypic heterogene-
ity, in opposition to studies focusing on specific populations 
(Harbuz et al. 2011; Zhu et al. 2013; Chianese et al. 2015). 
Furthermore the fact that the sperm analyses were realized 
in many different centers is on one hand a guarantee of the 
representativeness of the general population and on the other 
hand a weakness as it induces a great variability in the char-
acterization of the sperm samples. Another explanation is a 
biased interpretation of biologists when a high rate of globo-
zoospermic spermatozoa is observed in a semen sample, we 
can assume that they could then pay less attention to other 
anomalies such as head or flagella anomalies. Finally, two 
phenotypes are close to globozoospermia: acrosomal hypo-
plasia which can coexist with globozoospermia in the same 
semen sample (Chemes 2018) and pseudo-globozoospermia 
(Anton-Lamprecht et al. 1976; Singh 1992; Coutton et al. 
2015). It could be relevant to verify that those phenotypes 
are not mistaken for real globozoospermia and that criteria 
used to characterize round-headed spermatozoa by the dif-
ferent centers are the same to avoid any recruitment bias.

In this large study, we found 36.2% of DPY19L2 homozy-
gous deletions in 69 globozoospermic patients. This value 
seems low, compared to what has been described in the past 
with an average rate of 52.3% of DPY19L2 homozygous 
deletion (Ray et al. 2017). Nevertheless, the proportion of 

Table 3   Diagnostic 
performance according to 
the rate of round-headed 
spermatozoa

Round-headed sperm Loss of function 
anomalies

Missense vari-
ants

Absence of causal 
anomaly

Positive 
diagnosis (all 
biallelic vari-
ants)

n % n % n % n % n %

< 50 16 23.19 0 0.00 0 0.00 16 100.00 0 0.00
50–89 13 18.84 4 30.77 3 23.08 6 46.15 7 53.85
90–100 40 57.97 25 62.50 7 17.50 8 20.00 32 80.00
> 50 53 76.81 29 54.72 10 18.87 14 26.42 39 73.58
All 69 100.00 29 42.03 10 14.49 30 43.48 39 56.52
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homozygous deletion is still concordant with the literature 
varying from 19% (Koscinski et al. 2011) to 75% (Harbuz 
et al. 2011) and very close to a recent study with 35% of 
DPY19L2 homozygous deletions among a large cohort of 
63 patients (Alimohammadi et al. 2020). In fact several glo-
bozoospermia studies recruited only total globozoospermic 
patients (Zhu et al. 2013; Shang et al. 2019; Ghédir et al. 
2019) and observed a much higher rate of DPY19L2-positive 
diagnosis. This is consistent with the correlation that we 
observed here between the high rate of globozoocephalic 
spermatozoa and the presence of loss of function DPY19L2 
variants or deletions.

Concerning the causal point mutations found in our 
cohort we observed a mutational hotspot in exon 8 (Fig. 3). 
This latter concentrates four out of the eleven variants iden-
tified in this study concerning half of the mutation carriers 
and seven out of ten missense mutations carriers (Table 2). If 
we add our patients to the literature, the proportion of exon 
8 missense mutation carriers represent approximately 56.5% 
of all published patients with a causal missense mutation 
(Coutton et al. 2012b; Elinati et al. 2012; Zhu et al. 2013; 
Modarres et al. 2016; Ghédir et al. 2016; Shang et al. 2019; 
Oud et al. 2020). In addition, four of our patients harbor a 
missense mutation impacting the conserved arginine in posi-
tion 298 (Table 2) described to be essential for the C-man-
nosyltransferase activity of DPY-19, the DPY19L2 ortholog 
in Clostridium elegans (Buettner et al. 2013). This supports 
the idea that the central domain of DPY19L2 protein has a 
critical function (Ray et al. 2017) and we could go further 
assuming that this critical function concern in particular 
the third loop of the internuclear space and the sixth trans-
membrane domain coded by the exon 8 (Fig. 3). We also 
identified a truncating mutation toward the end of the cDNA 
(p.Glu614Ter) indicating that the C-terminal domain of the 
protein also plays a critical role in protein function, perhaps 
permitting to anchor the acrosome to the acroplaxome.

There was no significant difference in the DPY19L2 
abnormalities found in the whole cohort and in patients 
declaring a familial consanguinity. Indeed, the percent-
ages of loss of function and missense anomalies of 30% 
and 20%, respectively, are very close to those of the whole 
cohort corresponding to 36.2% and 20.3%. As could be 
expected, only homozygous abnormalities were found in 
patients with related parents. These results are to be put 
in perspective as all patients probably did not declare their 
consanguinity. The anomalies identified in our cohort and 
the genotype–phenotype relationship confirms the predom-
inance of DPY19L2 defects in globozoospermia. However, 
five patients carried a single heterozygous event (three 
with a whole deletion and two with a heterozygous vari-
ant). As heterozygous fathers are fully fertile, DPY19L2 
globozoospermia is considered to have a strict recessive 
inheritance. The presence of a single variant thus cannot 

explain the five patient’s phenotype, even if their impact 
on the protein is predicted to be deleterious. We did not 
find any other point mutation in these patients, neverthe-
less the sequencing technique used cannot detect the pres-
ence of deep intronic mutations or partial deletions of one 
or more DPY19L2 exons.

Among the 30 patients without causal DPY19L2 anom-
alies, 23 had a whole exome sequencing performed after 
MLPA (Fig. 3). In these patients, after the analysis of the 
nine genes described to be associated with human globo-
zoospermia (C2CD6, C7orf61, CCDC62, CCIN, DNAH17, 
GGN, PICK1, SPATA16 and ZPBP1) (Dam et al. 2007; 
Liu et al. 2010; Yatsenko et al. 2012; ElInati et al. 2016; 
Oud et al. 2020) we only found one homozygous deleteri-
ous variant in GGN in one patient with partial (82%) glo-
bozoospermia. Only one globozoospermic patient with 
a GGN defect has been described before and carried a 
homozygous truncating mutation in the same exon than the 
subject described here (Oud et al. 2020). GGN is located 
on chromosome 19 in 19q13.2 and encodes for the Game-
togenetin, a protein of 652 amino acids almost exclusively 
expressed in the testis. This protein has been detected in 
late pachytene spermatocytes and round spermatids before 
being incorporated into the principal piece of the sperm 
tail (Jamsai et al. 2008). GGN interacts with several other 
proteins such as FANCL (Lu and Bishop 2003), GGNBP1, 
GGNBP2, OAZ3 (Zhang et al. 2005; Zhou et al. 2005) and 
CRISP2 (Jamsai et al. 2008). All these genes have been 
related to sperm development; however, only GGNBP1 has 
been described to be associated with round headed sper-
matozoa and the lack of acrosome (Han et al. 2020). GGN 
has been described to be related to FANCL which is impli-
cated in double strand breaks repairs and the survival of 
pre-implantation embryos (Jamsai et al. 2013). GGNBP2 
was also described to be involved in cellular division (Guan 
et al. 2012). OAZ3 is implicated in spermatogenesis but was 
described to be necessary for the formation of a rigid junc-
tion between head and tail (Tokuhiro et al. 2009). CRISP2 
is expressed in the acrosome of the spermatozoon; however, 
the GGN-CRISP2 interaction was described to take place in 
the sperm tail (Jamsai et al. 2008). Thus the link between 
GGN anomalies and globozoospermia does not seem to be 
connected to the interactions it may have with these proteins. 
In contrast, GGNBP1, is also predominantly expressed in the 
testis, has been related to acrosome development and sperm 
head shape (Han et al. 2020). Finally the GGN knock out 
male mice are not described to have globozoospermia but 
present an embryonic lethality at the beginning of the pre-
implantation development and Ggn ± mice present defects in 
double strand break repairs (Jamsai et al. 2013). Therefore, 
although our results provide some strong evidence to link 
GGN with globozoospermia, further investigations should 
be performed to understand GGN function and clarify 
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its implication in globozoospermia. Its interaction with 
GGNBP1 seems to be the best lead to follow.

No deleterious variants were identified in the other can-
didate genes explored but the phenotype–genotype rela-
tionship is not clearly proved for the last published genes 
C2CD6, CCIN, C7orf61, and DHNA17. All these genes may 
have a putative location or function in acrosome but these 
assumptions are not clearly supported by their mutant mod-
els when available. Moreover, the published missense muta-
tions were not validated with functional work and should 
be interpreted with caution. For example, missense and 
truncating mutations in DNAH17 were formally associated 
with another severe flagellum malformations known as the 
MMAF phenotype in human and mouse in three recent and 
independent publications (Touré et al. 2020). The associa-
tion of DNAH17 with globozoospermia should, therefore, 
be strongly questioned. Exome sequencing data from the 
remaining 22 patients without any identified variant will 
now be fully explored to identify deleterious variants in new 
undescribed candidate genes.

Analysis of exome data permitted to identify DPY19L2 
deleterious variants in five patients, demonstrating that 
the technique is efficient to detect small gene defects in 
DPY19L2 despite the presence of a highly homologous pseu-
dogene DPY19L2P1 (Harbuz et al. 2011). This observation 
brought us to balance the benefit of MLPA against a classic 
qualitative PCR. The only advantage of MLPA in our pro-
cedure was to detect the presence of heterozygous deletion 
of the entire DPY19L2 gene but we demonstrated that this 
information has no interest when it comes alone and fur-
ther sequencing has to be performed. Here we observed that 
MLPA only allowed the identification of a causal anomaly 
in 36.2% of patients, and those with a homozygous deletion, 
could be detected simply by standard PCR of several exons 
of the gene. We then recommend to use exome sequencing 
to complete the analysis of patients without a homozygous 
deletion. The addition of a CNV module for the detection 
of copy number variations (CNV) will permit to detect the 
whole DPY19L2 heterozygous deletions previously detected 
by MLPA as well as yet undetected CNVs removing one 
or several exons. Naturally, as demonstrated here, WES 
also permits to detect DPY19L2 point mutations and to 
explore other genes already involved in globozoospermia, 
as demonstrated here by the identification of a homozygous 
GGN mutation. It could also permit to identify new genes 
in patients without variants in known candidate genes. In 
financial terms, this strategy is also relevant as we expect 
an improved diagnostic performance, for a lower price. 
Concerning the first diagnosis step of DPY19L2 homozy-
gous deletion, the cost of an MLPA is around 120 euros for 
the laboratory, including reagents and technical time (with 
an estimated charged cost of 25 euros/h for an experienced 
technician), when a simple PCR of the same three exons is 

invoiced 30 euros for an equivalent diagnostic efficiency. In 
the second diagnosis phase using Sanger sequencing would 
cost at least 70 euros per exon which accounts for approxi-
mately 1500 euros to sequence the 22 exons of DPY19L2, 
whereas a whole exome sequencing cost between 500 and 
800 euros under current market conditions. Thus our previ-
ous strategy using MLPA and Sanger sequencing had an 
average cost around 1660 euros when the novel strategy 
combining a classical qualitative PCR and whole exome 
sequencing would cost approximately 830 euros, half the 
cost of the initial strategy.

In conclusion, the work presented here permitted to 
propose a strategy for the routine genetic investigation of 
globozoospermic patients: subjects with less than 50% of 
round-headed sperm should not be considered globozoo-
spermic and DPY19L2 should not be investigated. For the 
other patients, a classical qualitative PCR should be used 
to detect homozygous deletions of DPY19L2, and in the 
absence of the homozygous deletion of the gene, instead of 
the usual Sanger sequencing of DPY19L2, we recommend 
sequencing the entire exome, which allows a cost-effective 
detection of genetic defects in the DPY19L2 gene but also 
in the other candidate genes described. The interest of this 
strategy was demonstrated by allowing the detection of a 
mutation in GGN, thus confirming its likely association with 
globozoospermia.
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