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(AOA) uses calcium ionophores to trigger Ca2+ increases and effectively 
rescues TFF.16 In addition to TFF, recent studies on Plcz1-knockout mice 
reported a high incidence of polyspermy after IVF.17,18 However, few clinical 
studies have yet demonstrated an association between PLCZ1 mutation 
and polyspermy in humans.

Here, PLCZ1 mutations in males who experienced polyspermy 
during IVF cycles were identified. Mutations were identified in three 
different individuals. Two individuals were from the same family, and 
had compound heterozygous mutations, the novel missense mutation 
c.1154C>T, and the previously reported frameshift mutation c.1234del;10 
the third individual had the homozygous mutation c.1733T>C. PN 
formation failed in all patients during the ICSI cycles. We also explored 
whether PN formation could be induced and performed ICSI-AOA 
treatment to overcome the failure of oocyte activation.

PARTICIPANTS AND METHODS
Ethical approval
This study was approved by the Institutional Review Board of the 
Chongqing Health Center for Women and Children (Chongqing, 
China; Approval No. 2020-RGI-04). We followed the guiding principles 
of the Ministry of Science and Technology (MOST) in regard to human 
genetic resources. All samples were collected after the participants gave 

INTRODUCTION
During fertilization, sperm entry induces oscillations in the levels of 
calcium ions (Ca2+), and the oocyte Ca2+ concentration transiently 
increases. These oscillations trigger oocyte activation, including the 
blocking of polyspermy, followed by pronuclear (PN) formation.1–4 
Inadequate sperm-induced Ca2+ oscillations cannot block the entry of 
multiple sperm. Polyspermy during in vitro fertilization (IVF) usually 
triggers early embryonic developmental arrest.

Phospholipase C zeta 1 (PLCZ1) is a sperm-specific protein that enters 
oocytes during fertilization. In somatic cells, PLCZ1 catalyzes the hydrolysis 
of phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate 
(IP3), in turn triggering Ca2+ release from the endoplasmic reticulum.5–7 
Microinjection of the recombinant protein revealed that PLCZ1 alone 
caused Ca2+ oscillations in oocytes. Therefore, a deficiency of sperm 
PLCZ1 would prevent oocyte activation because of inadequate sperm-
induced Ca2+ oscillations. In 2012, Kashir et al.8 identified compound 
heterozygous PLCZ1 mutations in an infertile man diagnosed with total 
fertilization failure (TFF) after intracytoplasmic sperm injection (ICSI) 
and revealed that inadequate Ca2+ oscillations were the primary cause of 
the condition. Since then, many studies have confirmed that more than 20 
pathogenic mutations in PLCZ1 cause TFF.9–15 Artificial oocyte activation 
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written informed consent to the Center for Reproductive Medicine at 
the Chongqing Health Center for Women and Children.

Participants
Based on the clinical manifestations of polyspermy and abnormal 
pronuclear formation, a total of 38 couples with primary infertility were 
recruited by the Center for Reproductive Medicine at the Chongqing 
Health Center for Women and Children (Chongqing, China). Genomic 
DNA was extracted from these affected couples for whole-exome 
sequencing (WES). Of these, 9 couples experienced polyspermy at least 
once during IVF cycles. Semen analyses, reproductive hormone levels, and 
assisted reproductive technology (ART) outcomes were collected. Genetic 
counseling was given to all patients from whom informed consent was 
obtained. Genetic testing followed the dictates of the Helsinki Declaration.

WES and Sanger sequencing
Genomic DNA from blood was collected from affected couples with 
primary infertility. After fragmentation, connection, amplification, 
and purification, the DNA libraries were subjected to hybridization 
capture. The exonic and collateral intronic (20 bp) regions of 20 099 
genes were screened via high-throughput sequencing and the sequences 
were aligned to the reference dataset of the human genome assembly 
GRCh37/hg19. All identified mutations were annotated using dbSNP, 
1000 Genomes, and gnomAD data. Functional annotations were 
performed using the prediction tools of Mutation Taster, PolyPhen-2, 
SIFT, ROVEAN, GeneSplicer, and SpliceAI16. Meanwhile, the 
Integrative Genomics Viewer (IGV) software version 2.16.2 (https://
igv.org/; last accessed on 8 Nov 2023) was used to observe the candidate 
variant sites manually. Candidate variants in probands and their family 
members were confirmed via Sanger sequencing.

Protein molecular modeling and structural analysis
Three-dimensional (3D) models of the PLCZ1 wild-type (WT) and 
mutant proteins were generated based on the reference template in 
the Protein Data Bank using the homology modeling software SWISS-
MODEL.19 Structural analysis and the effects of residue interactions on 
protein function were analyzed and visualized using PyMOL software 
version 2.3.4 (https://pymol.org/2/, last accessed on 13 May 2022).

Vector construction, cell culture, and transfection
The WT human PLCZ1 and a novel mutant PLCZ1 (p.R385Q) were 
synthesized and cloned into the pcDNA3.1 vector with an N-terminal 
FLAG-tag using services provided by GenScript Corp. (Nanjing, China). 
HEK-293T cells obtained from the American Tissue Culture and 
Collection (ATCC) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco) and 1% penicillin–streptomycin solution at 
37°C in 5% CO2. PLCZ1 WT and mutant plasmids were transfected using 
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA).

Western blotting analysis
WT sperm from a man with normal fertility and PLCZ1-mutated 
sperm from patient II-2 from family 1 were lysed by RIPA cell lysis 
buffer (Beyotime, Shanghai, China), and lysates were used for protein 
quantification with a BCA Protein Assay (Thermo Fisher Scientific). 
Forty micrograms of total proteins were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). 
The membranes were blocked with 5% skim milk in Tris-buffered saline 
containing 0.05% Tween-20 for 1 h at room temperature. Then, they 
were incubated overnight at 4°C with the following primary antibodies: 
anti-β-actin (GB11001; Servicebio, Wuhan, China), anti-FLAG-PLCZ1 

(AF519; Beyotime), and anti-PLCZ1 (A65778; Epigentek, New York, 
NY, USA). After incubation with the appropriate secondary antibodies 
for 1 h at room temperature, the immune complexes were detected by 
enhanced chemiluminescence (PE0010; Solarbio, Nanjing, China).

Immunofluorescence assay
Spermatozoa from patient II-2 of family 1 were washed three times with 
phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde for 
30 min at room temperature. PLCZ1 localization was detected using an 
anti-PLCZ1 (A65778; Epigentek) antibody. After labeling with Hoechst 
33342 (C1011; Beyotime) to visualize nuclei, immunofluorescence 
images were captured by a Leica SP8 Laser Scanning Confocal 
Microscope (Leica, Heidelberg, Germany).

In vitro maturation and ICSI of human oocytes
To perform in vitro maturation (IVM), germinal vesicle (GV) oocytes 
were voluntarily donated by the patients and cultured in G-1-plus 
medium (Vitrolife, Gothenburg, Sweden) at 37°C under 6% CO2 (v/v) and 
5% O2 (v/v) for 24 h. PLCZ1-mutated sperm with normal morphology 
were collected from patient II-1 of family 2, who carried a homozygous 
p.M578T mutation. WT sperm from a fertile male patient was recruited 
as a control. ICSI was performed using a micromanipulation system 
(CellTram 4r; Eppendorf, Hamburg, Germany) under an inverted 
microscope (Olympus IX70; Olympus Optical Co. Ltd., Tokyo, Japan). 
During ICSI, oocytes were placed in pre-equilibrated culture droplets 
and covered with 6 ml mineral oil (Ovoil; Vitrolife). Each oocyte was 
positioned using a holding pipette. When the first polar body attained 
the 6- or 12-o’clock position, single and 6–9 PLCZ1-mutated sperm were 
injected via a micropipette into the cytoplasm, respectively.

AOA
After ICSI manipulation for 1 h, metaphase II (MII) oocytes were 
artificially activated by exposure to 10 µmol l−1 calcium ionophore 
solution (A23187; Sigma, St. Louis, MO, USA) for 10 min at 37°C under 
6% CO2 (v/v) and 5% O2 (v/v), thoroughly washed in fresh culture 
medium, and cultured in G-1-plus medium. The qualities of zygotes 
and embryos were evaluated using the European Society of Human 
Reproduction and Embryology (ESHRE) consensus guidelines.20

Animals
All procedures strictly followed the 1988 guidelines of the State 
Scientific and Technological Commission of China for the use 
of laboratory animals. All protocols were approved by the Ethics 
Committee of the Chongqing Health Center for Women and Children 
(Approval No. 2022034). The Institute of Cancer Research (ICR) female 
mice (8 weeks old) were purchased from Charles River (Beijing, China) 
and kept under controlled temperature (20°C–23°C) and illumination 
(12 h light/dark cycle) conditions with ad libitum access to water 
and food. Mice were sacrificed via cervical dislocation and treated 
humanely. GV oocytes from superovulated mice were collected by 
cutting the ovaries with a clean surgical blade. After in vitro maturation, 
WT sperm from a man with normal fertility and mutated sperm from 
patient II-1 of family 2 were injected into the cytoplasm.

RESULTS
Clinical characteristics of patients
Candidate PLCZ1 variants were identified in three different couples from 
two families who had experienced at least one episode of polyspermy after 
IVF. All patients had normal sperm counts, morphologies, and motilities 
(Supplementary Table 1). Their female partners exhibited normal ovarian 
reserve functions. During IVF cycles, the percentages of polyspermy ranged 
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from 50% to 100% (Table 1). Patient II-1 from family 1 yielded four MII 
oocytes; two failed to form PN, and the others formed one 3PN and one 
5PN zygote after IVF. Patient II-2 from family 1 experienced one failed IVF 
cycle and one failed ICSI cycle. In all, thirteen MII oocytes were retrieved 
that formed four 5PN zygotes, and eight were retrieved that formed >6PN 
zygotes during the first IVF cycle. In the second ICSI cycle, nine MII oocytes 
were retrieved, but all failed to form PN (Supplementary Movie 1). Patient 
II-1 from family 2 yielded nineteen retrieved MII oocytes during the IVF 
cycle, but all were polyspermic, thus giving rise to fourteen 4PN zygotes, 
four 7PN zygotes, and one 8PN zygote (Table 1).

Identification of candidate variants in PLCZ1
To explore the cause of polyspermy, we performed WES and analysis. 
After stringent filtering according to the filter criteria of WES variants, 
as shown in Supplementary Figure 1, PLCZ1 (highlighted) was the only 
gene reported to be associated with fertilization failure and expressed 
in the testis. Pathogenic variants in transducin-like enhancer of split 
6 (TLE6) and wee1-like protein kinase 2 (WEE2) were not detected in the 
women (Supplementary Table 2). Patients II-1 and II-2 of family 1 were 
brothers and exhibited compound heterozygous mutations of a frameshift 
mutation (c.1234del, p.R412Efs*15) and a missense mutation (c.1154C>T, 
p.R385Q; Figure 1a). The novel c.1154C>T, p.R385Q mutation was 
inherited from their mother (Figure 1b). Patient II-1 from family 2 
had a homozygous missense mutation (c.1733T>C, p.M578T), which 
caused TFF after ICSI.12 IGV screenshots depicting analysis for these loci 
are shown in Supplementary Figure 2. All mutations were verified by 
Sanger sequencing. The allele frequencies of p.R385Q, p.R412Efs*15, and 
p.M578T in the gnomAD database were 0.00007 (19/282 170), 0.00001 
(3/274 280), and 0.00002 (5/281 390), respectively (Table 2). PolyPhen-2 
and Mutation Taster predicted that the two missense mutations, p.R385Q 
and p.M578T, were potentially deleterious. The distributions of the 
mutations in PLCZ1 exons and the PLCZ1 protein are also shown in 
Figure 1c. The novel p.R385Q mutation was conserved among different 
species, with the exception of Gallus gallus (Figure 1d).

Prediction of the effects of PLCZ1 mutations on protein conformation
To explore the structural basis of human PLCZ1 mutations associated 
with polyspermy, we constructed a 3D model of human PLCZ1 based 
on the homologous structure of rat PLCZ1 (Figure 1e). The mutation 
of arginine to glutamine at position 385 (R385Q) may alter the spatial 
relationship between Arg385 and the hydrogen bonds of Glu422 and 
Glu831, which potentially destabilizes the XY-link domain. The change 

in the reading frame after amino acid 412 (R412Efs*15) creates a stop 
codon at nucleotide position 427, disrupting the core region of the 
XY-link domain. A mutation of Met578 (p.M578T) to threonine might 
completely remove the hydrogen bonds to Lys580. The mutation also 
disrupts the interactions of nearby hydrophobic residues. Thus, the C2 
domain and the C2-catalytic domain interaction would be affected.

Expression and localization of PLCZ1
To investigate the expression and localization of PLCZ1 in the sperm 
from patient II-2 of family 1, immunofluorescence assay and Western 
blotting were performed. Immunofluorescence and the Western blotting 
analysis showed the abnormal location and decreased expression level 
of PLCZ1 in the sperm of patient II-2 of family 1 (Figure 2a and 2b), 
who carried compound heterozygous p.R385Q and p.R412Efs*15 
mutations. The pathogenicity of the PLCZ1-p.M578T mutation has 
been previously confirmed in a study that demonstrated a decrease in 
catalytic activity by in vitro functional analysis.12 To further investigate 
the effect of the PLCZ1-p.R385Q mutation in vitro, we examined its 
expression level in HEK-293T cells after transfection with WT or 
p.R385Q mutant constructs, revealing that the p.R385Q mutation 
resulted in a significantly reduced expression level (Figure 2c).

Multiple PLCZ1-mutated sperm can induce PN formation in humans 
but not mice
Using human IVM-MII oocytes, fertilization status was assessed 
after injection of WT or PLCZ1-mutated sperm. PN formation failed 
after injection of a single PLCZ1-mutated sperm, but multiple PN 
formation was observed when six PLCZ1-mutated sperm were injected 
(Figure 3), suggesting that Ca2+ oscillations triggered by multiple 
PLCZ1-mutated sperm might attain the threshold for PN formation. 
Numerous previous studies have shown that the activation capacity of 
human sperm can be evaluated by microinjection of human sperm into 
mouse oocytes.21–24 We similarly performed ICSI using mouse oocytes 
and found that most oocytes injected with single PLCZ1-mutated 
sperm exhibited failed PN formation. Intriguingly, zygotes showed 
multiple PN formation after injection of multiple WT sperm, but PN 
formation was lacking after injection of multiple PLCZ1-mutated sperm 
(Supplementary Figure 3).

Treatment outcomes of ICSI-AOA 
After identification of the PLCZ1 mutations, AOA was combined with 
ICSI in the next cycles. As shown in Table 3, all patients yielded normal 

Table 1: IVF/ICSI outcomes of the patients with phospholipase C zeta 1 mutations before artificial oocyte activation treatment

Case Treatment cycles Total oocytes (n) MII oocytes (n) 2PN (n) ≥3PN, n/total (%) Available embryos (n)

Family 1 II-1 IVF 5 4 0 2/4 (50.0) 0

Family 1 II-2 IVF 13 13 0 12/13 (92.3) 0

ICSI 10 9 0 0/9 (0) 0

Family 2 II-1 IVF 20 19 0 19/19 (100.0) 0

IVF: in vitro fertilization; ICSI: intracytoplasmic sperm injection; MII: metaphase II; 2PN: two pronuclei; 3PN: three pronuclei

Table 2: Overview of the phospholipase C zeta 1 mutations identified in the two families

Case Genomic position 
on Chr12 (bp)

cDNA 
change

Protein change Mutation type GnomAD (EASa) GnomAD (totala) Mutation 
Tasterb

PolyPhen-2b

Family 1 18852748 c.1154C>T p.R385Q Missense 0.00005 (1/19 934) 0.00007 (19/282 170) Damaging Possibly D

18849141 c.1234del p.R412Efs*15 Frameshift deletion 0.00015 (3/19 502) 0.00001 (3/274 280) NA NA

Family 2 18837072 c.1733T>C p.M578T Missense 0.00025 (5/19 858) 0.00002 (5/281 390) Damaging Probably D
aFrequency of corresponding mutations in the EAS and total population of GnomAD. bMutation assessment by Mutation Taste and PolyPhen-2. NA: not available; bp: base pair; 
Chr: chromosome; EAS: East Asian; cDNA: complementary DNA
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2PN zygotes. Patient II-1 of family 1 yielded twelve MII oocytes, eleven of 
which were normally fertilized and developed into embryos; two embryos 
were transferred, and two healthy babies were born. Patient II-1 of family 1 
yielded nine MII oocytes. Seven embryos were obtained (Supplementary 
Movie 2); two embryos were transferred and yielded two full-term healthy 
babies. For patient II-1 of family 2, four of six oocytes were fertilized, but 

only two were available (Supplementary Movie 3). Both embryos were 
transferred, and the patient achieved pregnancy.

DISCUSSION
Previous studies have shown that PLCZ1 mutations in males lead to normal 
sperm motility and morphology but cause poor fertilization or failure of 

Figure 1: PLCZ1 mutations in three patients with primary infertility. (a) The pedigrees of the three patients. Arrows indicate the probands and black solid 
squares are the affected individuals. (b) Sanger sequencing chromatograms of the two families. The black arrows indicate the positions of the mutations. 
(c) The locations of the three mutations in the genomic and protein structures of PLCZ1. The novel mutation is highlighted in red, and two known mutations 
are highlighted in black. (d) The R385 residue (red arrow) is almost conserved among species except birds. (e) Prediction of the conformations of mutant 
PLCZ1 proteins. The panel in the upper-right corner is an overall 3D structure of WT PLCZ1. Enlargements of the PLCZ1 structure are shown on the upper-
left and lower panels, respectively. The WT, and mutated R385 and M578 residues are shown in red. WT: wild-type; PLCZ1: phospholipase C zeta 1; 3D: 
three-dimensional.
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ICSI.9–11 Recently, Peng et al.25 reported that mutations in PLCZ1 induce 
male infertility associated with polyspermy. Polyspermy is the fertilization 
of an oocyte by more than one sperm, which causes embryonic arrest. In 
humans, two mechanisms (the “oocyte membrane block” and the “zona 
pellucida block”) have been proposed to explain polyspermy; both involve 
Ca2+ oscillations.26–30 Normally, once a sperm enters an oocyte, PLCZ1 
immediately triggers Ca2+ oscillations to block polyspermy.2,31,32 PLCZ1-
deficient sperm reduces cortical granule release and slows or eliminates 
membrane blocking, resulting in polyspermy.18 In our study, the expression 
of PLCZ1 protein was attenuated in patient II-2 of family 1 with compound 
heterozygous p.R385Q and p.R412Efs*15 mutations. This individual had 
undergone one failed IVF attempt characterized by polyspermy, which 
is consistent with the previous report.25 Thus, it was suggested that the 
abnormal localization and expression of PLCZ1 protein in sperm might 
be associated with polyspermy.

Males with pathogenic PLCZ1 mutations typically experience TFF 
after ICSI; however, in two previous studies, 2PN zygotes successfully 
formed after treatment with Ca2+ ionophores.33,34 However, the three 
infertile males in the present study all experienced polyspermy after 
IVF. We, thus, hypothesized that the phenotypic difference between 
ICSI and IVF might be associated with the intracellular Ca2+ level 
induced during fertilization. When a single PLCZ1-mutated sperm is 
injected into an oocyte, the level of released Ca2+ may not attain the 
threshold for PN formation, which thus fails. During an IVF cycle, the 
Ca2+ oscillations induced by a single PLCZ1-mutated sperm do not 
activate PN formation or block polyspermy, allowing multiple sperm 
to enter. Nozawa et al.18 proposed that delaying the plasma membrane 
block of polyspermy would lead to multiple sperm entering the oocyte 
in mice. Furthermore, we speculated that the Ca2+ oscillations induced 
by multiple PLCZ1-mutated sperm exceeded the threshold for PN 
formation and were associated with multiple PN formation after IVF. To 
validate this, multiple sperm from patient II-1 of family 2 were injected 

into human IVM-MII oocytes. As expected, injection of multiple 
PLCZ1-mutated sperm triggered oocyte activation and PN formation. 
However, PN formation was lacking when multiple PLCZ1-mutated 
sperm were injected into mice, suggesting an interspecies difference.35,36 
Plcz1-knockout male mice were subfertile rather than completely 
infertile,17,18 suggesting that other sperm factors or a redundant pathway 
may rescue the absence of Plcz1 in mouse oocytes.

AOA is commonly used to treat patients with PLCZ1 mutations 
who experience TFF or fertilization failure after ICSI.33,34,37–39 In the 
present study, three couples obtained viable embryos and became 
pregnant following AOA treatment during their ICSI cycles. Therefore, 
ICSI-AOA treatment should be commenced as soon as possible for 
patients with biallelic mutations in PLCZ1, which would reduce 

Table 3: Clinical outcomes of the patients with phospholipase C zeta 1 mutations after artificial oocyte activation treatment

Case AOA treatment 
cycle

Total 
oocytes (n)

MII oocytes 
(n)

2PN, n/total 
(%)

Available 
embryos (n)

Transferred 
embryo (n)

Gestational 
sac (n)

Live birth 
(n)

Body weight (g) Body 
length (cm)

Sex

Family 1 II-1 1 13 12 11/12 (91.7) 11 2 2 2 2160 and 1900 45 and 44 Male and male

Family 1 II-2 1 10 9 7/9 (77.8) 7 2 2 2 3050 and 2800 47 and 46 Male and male

Family 2 II-1 1 10 6 4/6 (66.7) 2 2 2 Pregnancy - - -

AOA: artificial oocyte activation; 2PN: two pronuclei; -: no value

Figure 2: Expression and localization of PLCZ1. (a) Confocal immunofluorescence 
images revealed that reduced protein level of PLCZ1 in spermatozoa from 
patient II-2 of family 1. Single-sperm immunofluorescence analysis for PLCZ1 
(red) and Hoechst (blue) was performed in PLCZ1-mutated and normal 
spermatozoa. Scale bar = 5 µm. (b) The PLCZ1 protein was significantly 
reduced in sperm from patient II-2 of family 1, who was affected by p.R385Q 
and R412Efs*15 mutations. β-actin was used as a loading control. (c) Western 
blotting analysis of FLAG expression levels in transfected HEK293T cells. 
WT: wild-type; PLCZ1: phospholipase C zeta 1; DIC: differential interference 
contras.

c

b

a

Figure 3: Fertilization status following injection of single or multiple PLCZ1-
mutated sperm from family 2 II-1. (a) Time-lapse images of oocytes at 4.7 h, 
10.1 h, 14.9 h, and 18.9 h after ICSI of WT sperm. Scale bar = 100 µm. 
The arrow indicates pronuclei. (b) Time-lapse images of oocytes at 5.1 h, 
10.1 h, 15.0 h, and 20.1 h after ICSI of PLCZ1-mutated sperm. Scale bar = 
100 µm. The arrow indicates pronuclei. (c) Percentages of 0PN, ≥3PN, and 
2PN oocytes. WT: wild-type; PLCZ1: phospholipase C zeta 1; PN: pronuclear.
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treatment duration. After the first IVF treatment, a genetic test should 
be offered to couples with polyspermy.

Our study had certain limitations. We analyzed only three male 
patients who suffered from polyspermy after IVF. More patients are 
required to study the genetic causes of polyspermy. Second, the MII 
donor oocytes used in the multiple sperm injection experiments were 
derived via in vitro maturation.

In conclusion, we report polyspermy after IVF treatment in humans 
with PLCZ1 mutations. A novel missense mutation, c.1154C>T, 
p.R385Q, was identified in PLCZ1. We believe that our findings will aid 
genetic diagnoses after abnormal fertilization and identify appropriate 
therapeutic measures for patients with sperm-derived polyspermy.
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Supplementary Figure 1: The filter criteria for rare variants. Rare variant 
candidates were selected using ACMG guidelines. Variant Allele Frequency: 
the percentage of sequence reads with the variant; In-house database: WES 
databases from 200 unrelated volunteers of Chinese population with normal 
fertility (at least one child); UTR: untranslated region; ACMG: American 
College of Medical Genetics and Genomics.

Supplementary Figure 2: The IGV illustration of three variants in PLCZ1. IGV 
screenshots depicting of (a) the c.1733T>C loci from patient II-1 of family 
2, (b) the c.1234del and (c) c.1154C>T loci from patient II-2 of family 1. 
IGV: Integrative Genomics Viewer; PLCZ1: phospholipase C zeta 1.
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Supplementary Figure 3: Fertilization status after single or multiple injection 
of wild-type and PLCZ1-mutated sperm in mice. (a) Time-lapse images of 
oocytes after ICSI of wild-type sperm. Arrows: pronuclei. Scale bar = 50 
µm. (b) Time-lapse images of oocytes after ICSI of PLCZ1-mutated sperm. 
Scale bar = 50 µm. (c) Percentages of oocytes with different PN numbers. 
AOA: artificial oocyte activation; ICSI: intracytoplasmic sperm injection; 
PLCZ1: phospholipase C zeta 1.
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Supplementary Table 1: Clinical characteristics of three infertility 
couples

Characteristic Family 1 
II-1

Family 1 
II-2

Family 2 
II-1

Female factor

Age (year) 32 27 32

BMI (kg m−2) 23.3 27.8 22.2

E2 (pg ml−1) 19.1 26.6 25.3

Progesterone (ng ml−1) 0.3 0.3 0.2

FSH (IU l−1) 4.9 4.6 3.7

LH (IU l−1) 1.8 1.6 2.4

AMH (ng ml−1) 4.6 10.1 8.0

Male factor

Age (year) 39 33 30

Semen volume (ml) 3.7 3.6 4.0

Sperm concentration (×106 ml−1) 68 49 59

Total sperm (×106) 251.6 176.4 236

PR (%) 45 51 38

Total motility (PR + NP; %) 52 64 45

Normal sperm morphology (%) 5 5 4

Semen volume (lower reference limit: 1.5 ml), sperm concentration (lower reference limit: 
15×106 ml−1), progressive motility rate (PR; lower reference limit: 32%), normal sperm 
morphology (lower reference limit: 4%), according to the World Health Organization, 
2010. BMI: body mass index; AMH: anti-Müllerian hormone; FSH: follicle-stimulating 
hormone; LH: luteinizing hormone; PR: progressive motility; NP: non-progressive motility
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