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Abstract
Background: De novo variants are a common cause to rare intellectual disability 
syndromes, associated with low recurrence risk. However, when such variants 
occur pre- zygotically in parental germ cells, the recurrence risk might be higher. 
Still, the recurrence risk estimates are mainly based on empirical data and the 
prevalence of germline mosaicism is often unknown.
Methods: To establish the prevalence of mosaicism in parents of children with 
intellectual disability syndromes caused by de novo variants, we performed drop-
let digital PCR on DNA extracted from blood (43 trios), and sperm (31 fathers).
Results: We detected low- level mosaicism in sperm- derived DNA but not in 
blood in the father of a child with Kleefstra syndrome caused by an EHMT1 
variant. Additionally, we found a higher level of paternal mosaicism in sperm 
compared to blood in the father of a child with Gillespie syndrome caused by an 
ITPR1 variant.
Conclusion: By employing droplet digital PCR, we detected paternal germline 
mosaicism in two intellectual disability syndromes. In both cases, the mosaicism 
level was higher in sperm than blood, indicating that analysis of blood alone may 
underestimate germline mosaicism. Therefore, sperm analysis can be clinically 
useful to establish the recurrence risk for parents and improve genetic counselling.
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1  |  BACKGROUND

A human genome varies, on average, at 4– 5 million sites 
compared to the human reference genome (Pasmant & 
Pacot,  2020). Massively parallel sequencing (MPS) stud-
ies have estimated the de novo rate of single nucleotide 
variants (SNVs), to be approximately 10−8 per genera-
tion (Kong et al., 2012; Michaelson et al., 2012; Pasmant 
& Pacot,  2020; Rahbari et al.,  2016; Roach et al.,  2010). 
Therefore, a newborn child is estimated to harbour, on av-
erage, 40– 80 de novo SNVs, with 1– 2 affecting the coding 
sequences with the potential to result in a disease (Breuss 
et al., 2020; Jónsson et al., 2018; Kong et al., 2012; Pasmant 
& Pacot, 2020). Such variants are usually thought to orig-
inate pre- zygotically, in the parental germ cells, or post- 
zygotically, in an early mitotic division in the developing 
embryo (Acuna- Hidalgo et al.,  2016). De novo variants 
occur three to four times more often in paternal germ cells 
than in maternal germ cells and are more prevalent with 
increasing paternal age (Acuna- Hidalgo et al., 2016; Kong 
et al., 2012; Michaelson et al., 2012; Pasmant & Pacot, 2020; 
Rahbari et al., 2016). In the last decade, the increased use 
of trio exome and genome sequencing has established 
that de novo variants are a common cause behind genetic 
diseases, underlying approximately 30% of all diagnosed 
cases (Acuna- Hidalgo et al.,  2016; Rauch et al.,  2012; 
Stefanski et al., 2021; Stranneheim et al., 2021).

During genetic counselling of parents to children 
with disease- causing de novo variants, clinical genet-
icists rely on empirical data regarding the overall recur-
rence risk in future pregnancies. Parental investigations 
most often depend on genetic analysis of blood- derived 
DNA. Currently, a recurrence risk of 1% is commonly 
used during counselling (Campbell, Stewart, et al., 2014; 
de Lange et al., 2019; Myers et al., 2018; Röthlisberger & 
Kotzot, 2007). However, the recurrence risk may be higher 
or lower depending on if one of the parents is a germline 
mosaic or not. Investigation of germline mosaicism in fe-
males is not as straightforward as in males due to the inva-
sive procedure required when collecting oocytes (Breuss 
et al., 2020; Møller et al., 2019). Unless multiple children 
are born with the same de novo variant, germline mosa-
icism is generally not investigated, leaving the recurrence 
risk unknown for most families at risk (Wilbe et al., 2017).

Understanding underlying genetic mechanisms behind 
a disorder is of essence to accurately assess recurrence risk 
and evaluate options for prenatal or preimplantation ge-
netic testing for future pregnancies. The increased avail-
ability of MPS technology has improved the chance to 
detect parental mosaicism even in blood- derived DNA, 
since several MPS applications have enhanced sensi-
tivity than older methods such as Sanger sequencing 
(Campbell, Yuan, et al.,  2014; Cao et al.,  2019; Gambin 

et al., 2020; Jónsson et al., 2018; Krupp et al., 2017; Rahbari 
et al., 2016; Wright et al., 2019). This has led to improved 
detection of parental mosaicism, with current data sug-
gesting that the frequency of parental mosaicism might be 
much higher than 1% for some genetic disorders, for ex-
ample, some genetic forms of epilepsy (Møller et al., 2019; 
Myers et al., 2018; Nakayama et al., 2018; Xu et al., 2015; 
Yang et al., 2017, 2019). Yet, few studies have looked at the 
occurrence of mosaicism in sperm samples. In this study, 
we aim to investigate the prevalence and level of germline 
and somatic mosaicism in different tissues in parents of 
children with intellectual disability syndromes caused by 
de novo SNVs, by analysing parental blood and paternal 
sperm samples with droplet digital PCR (ddPCR).

2  |  MATERIAL AND METHODS

2.1 | Ethical compliance

This study was performed in accordance with the 
Declaration of Helsinki, and the local ethical board ap-
proved the study. Informed consents were obtained from 
each participating individual or their legal guardians prior 
to their inclusion in the study according to local ethical 
guidelines.

2.2 | Study subjects

All included probands with de novo disease- causing vari-
ants (n = 44) were initially referred for clinical diagnostic 
testing with trio whole- exome sequencing (WES) or whole- 
genome sequencing (WGS) at the Department of Clinical 
Genetics at Karolinska University Hospital, Stockholm, 
Sweden, between the years 2011 and 2019. DNA was ex-
tracted from peripheral blood of mothers (n = 43), fathers 
(n = 44), probands (n = 44) and from sperm samples of 
fathers (n  =  31) (Figure  1). In one proband- father duo, 
paternal mosaicism in blood was diagnosed by clinical 
routine parental testing (Figure 1).

2.3 | DNA isolation and massively 
parallel sequencing

As part of routine clinical diagnostics, DNA extrac-
tion from peripheral blood had been performed prior 
to this study at the Department of Clinical Genetics at 
the Karolinska University Hospital following stand-
ard procedures. Whole- exome sequencing or WGS had 
been performed at Clinical Genomics at Science for Life 
Laboratory using either HiSeq X (Illumina Inc, San Diego, 
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CA, USA) or NovaSeq 6000 (Illumina Inc, San Diego, CA, 
USA) aiming at 100x or 30x median read depth respec-
tively (Stranneheim et al., 2021). All probands included in 
this cohort had been diagnosed with genetic variants clas-
sified as ‘pathogenic’ or ‘likely pathogenic’ according to 
the American College of Medical Genetics and Genomics 
(ACMG) guidelines for interpretation of genetic variants 
(Richards et al., 2015).

2.4 | DNA isolation from sperm samples

Sperm samples (n = 31) were collected in 15 ml Falcon 
tubes between the years 2017 and 2020 and were stored at 
−18 °C until DNA extraction. DNA was isolated using the 
Qiagen Mini Amp Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer's instructions for tissue isolation. 
The concentrations were determined by Qubit™ dsDNA 

F I G U R E  1  Overview of the study. We offered parents to children diagnosed with a genetic syndrome including intellectual disability 
due to de novo disease- causing SNVs for participation in this cohort. All patients were initially referred for clinical diagnostic testing with trio 
whole- genome sequencing/whole- exome sequencing at the Department of Clinical Genetics of Karolinska university hospital, Stockholm, 
Sweden. After signing written consent, a test kit was sent home to fathers to provide sperm sample. Blood- derived DNA was available prior to 
the study at the Karolinska university laboratory. Four families were excluded due to not sending in sperm sample (n = 2), lack of availability 
to parental blood samples and/or positive control in the family (n = 2). ddPCR, droplet digital PCR; SNV, single nucleotide variant
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Broad Range Assay Kit in Qubit™ 3.0 fluorometer (Life 
Technologies, Carlsbad, CA, USA).

2.5 | Droplet digital PCR

For each mutation in this cohort, a unique TaqMan® 
assay was designed by and ordered from ThermoFisher 
Scientific (Waltham, Massachusetts, USA). Probes de-
tecting the mutant allele were labelled with FAM fluo-
rophore and wild- type allele with VIC fluorophore. 
Sixty- six nanograms of genomic DNA was mixed with 
ddPCR Supermix for Probes (No dUTP) (Bio- Rad, 
Hercules, CA, USA) according to the manufacturer's 
protocol. The droplets were generated using QX200 
Droplet Generator (Bio- Rad, Hercules, CA, USA) ac-
cording to the manufacturer's instructions. After the am-
plification was performed in CFX96 Real- Time Thermal 
Cycler (Bio- Rad, Hercules, CA, USA) according to the 
manufacturer's protocol with adjustments of annealing 
temperature (58.8– 60.5°C) for each probe, the droplets 
were scanned using QX200 QuantaSoft Droplet Reader 
(Bio- Rad, Hercules, CA, USA). QuantaSoft Analysis 
Pro Software (Bio- Rad, Hercules, CA, USA) was used 
to analyse ddPCR data through a Poisson distribution. 
After analysis, data were manually inspected and when 
needed, the droplets were further grouped using the 
manual selection tools in the software. Each sample was 
run in triplicates. When needed, the number of repli-
cates were increased up to 36 wells.

3  |  RESULTS

In total, we analysed 44 unique variants with ddPCR lo-
cated in 32 different genes (Table 1). Six genes (ARID1B, 
ANKRD11, GRIN2B, SYNGAP, PURA, EFTUD2) were mu-
tated in more than one patient in the cohort (Figure 2a). 
ARID1B was the most commonly mutated gene (n = 5), 
followed by ANKRD11 and GRIN2B (n = 4) (Figure 2a). 
Missense variants accounted for the majority of variants 
(37%) (Figure 2b). The mean maternal age at conception 
for participating mothers was 33.2 years and ranged from 
21 to 45 years of age at conception (Figure 2c). The mean 
paternal age for participating fathers was 37.7 years and 
ranged from 25 to 59 years of age at conception (Figure 2c). 
In families with more than one child, no recurrence of dis-
ease was reported.

In the 30 sperm samples without previously detected 
mosaicism in blood, ddPCR discovered germline mosa-
icism in one healthy father (Figure 1, Figure 3h). His child 
presented with intellectual disability, autism, seizures, 
hypoplastic midface, hypertelorism, synophrys, sparse 

teeth and was diagnosed with Kleefstra syndrome (MIM 
# 610253) due to a missense variant in the EHMT1 gene 
(NM_024757.4: c.2986C  >  T, p.[Gln996*]). We detected 
the EMHT1 variant in the father at a level of 1.1% in sperm 
(Table  2, Figure  3g,h, Figure  4a). To ensure higher sen-
sitivity, the ddPCR assay for blood- derived paternal DNA 
was performed on approximately 600,000 droplets with 
an estimated sensitivity of 1:100,000. Even though we de-
tected 105 positive signals out of approximately 600,000 
droplets, we concluded that these were false positive as 
they did not show any statistical significance compared to 
negative control.

In addition, a father with previously known blood mo-
saicism of an ITPR1 pathogenic variant (NM_002222.5: 
c.7642_7644del, p.[Lys2548del]) was included in this study 
for the investigation of mosaicism in sperm- derived DNA 
using ddPCR (Figure  3k, Figure  4a). We detected 20.3% 
mosaicism of the variant in sperm compared to 9.3% in 
blood (Table 2). His child presented with iris hypoplasia, 
ataxia, moderate intellectual disability, autism and was di-
agnosed with Gillespie syndrome (MIM # 206700). Even 
though we found varying levels of mosaicism in the in-
vestigated tissues, he is healthy and has two other healthy 
children (Figure 4c).

In total, we detected germline mosaicism in approxi-
mately 3% (1 of 30) of the fathers whose child received a 
molecular diagnosis of an intellectual disability syndrome 
caused by a de novo SNV without previous findings in 
parents. We did not detect any somatic mosaicism in any 
maternal blood samples (n  =  43), nor in paternal blood 
samples (n = 43) in the parents with previously unknown 
mosaic status. Additionally, in a father with previously 
known mosaicism in blood, we detected a higher level of 
mosaicism in sperm (20%) compared to blood (9%).

4  |  DISCUSSION

Mosaicism in sperm has not been widely studied and 
comparison of mosaicism levels between germline and 
somatic cells are limited to few studies (Table 3). In our 
relatively large cohort, we detected paternal mosaicism in 
approximately 3% of tested sperm samples and observed a 
consistently higher level of mosaicism in sperm compared 
to blood.

Here, we report two families with germline mosa-
icism. One index patient has Kleefstra syndrome, caused 
by a paternally inherited pathogenic missense variant 
(c.2986C > T, p.[Gln996*]) in the EHMT1 gene. A mosaic 
splice site EHMT1 variant has previously been reported 
in a mother of a child with Kleefstra syndrome (Rump 
et al., 2013). To the best of our knowledge, this is the first 
reported paternally inherited mosaic SNV in Kleefstra 
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T A B L E  1  All analysed variants including clinical diagnosis and parental ages at conception

Gene Diagnosis Reference- ID Variant Amino acid change
Paternal 
age

Maternal 
age

ACTG1 Baraitser– Winter syndrome 2 NM_001199954.1 c.439C > T p.Arg147Cys 34 32

ANKRD11 KBG syndrome NM_013275.5 c.5663del p.Ala1888Glufs*75 36 35

ANKRD11 KBG syndrome NM_001256182.1 c.6513dup p.Gly2172Argfs*14 25 21

ANKRD11 KBG syndrome NM_013275.5 c.3770_3771del p.Lys1257ARGfs*25 39 35

ANKRD11 KBG syndrome NM_013275.5 c.1903_1907del p.Lys635Glnfs*26 41 38

ARID1B Coffin– Siris syndrome 1 NM_020732.3 c.1876C > T p.Gln626* 26 26

ARID1B Coffin– Siris syndrome 1 NM_020732.3 c.5404C > T p.Arg1802* 32 32

ARID1B Coffin– Siris syndrome 1 NM_020732.3 c.5023C > T p.Gln1675* 39 37

ARID1B Coffin– Siris syndrome 1 NM_020732.3 c.4466_4466dup p.Tyr1490Leufs20* 38 33

ARID1B Coffin– Siris syndrome 1 NM_020732.3 c.5267_5270del p.Glu1756Alafs*9 39 36

ASXL1 Bohring– Opitz syndrome NM_015338.5 c.4189_4190del p.Gly1397Serfs*26 52 36

EFTUD2 Mandibulofacial dysostosis NM_004247 c.1705C > T p.Arg569* 53 42

EFTUD2 Mandibulofacial dysostosis NM_001258353.1 c.427_427del p.Thr143Hisfs*7 46 35

EHMT1 Kleefstra syndrome NM_024757.4 c.2986C > T p.Gln996* 33 30

FOXP1 Mental retardation with language 
impairment with or without 
autistic features

NM_032682.5 c.1062G > T p. Gln354His 31 33

GRIN2B Mental retardation, autosomal 
dominant 6

NM_000834.3 c.2539C > T p.Arg847* 38 33

GRIN2B Mental retardation, autosomal 
dominant 6

NM_000834.3 c.2189 T > C p.Ile730Thr 26 27

GRIN2B Mental retardation, autosomal 
dominant 6

NM_000834.3 c.2086C > A p.Arg696Ser 44 36

GRIN2B Mental retardation, autosomal 
dominant 6

NM_000834.3 c.1652 T > C p.Leu551Ser 28 30

HDAC8 Cornelia de Lange syndrome 5 NM_018486.2 c.913G > A p.Gly305Ser 38 29

IQSEC2 Mental retardation, X- linked 1/78 NM_001111125 c.2984G > A p.Arg995Gln 41 39

ITPR1 Gillespie syndrome NM_002222.5 c.7642_7644del p.Lys2548del 44 37

KAT6B SBBYSS syndrome NM_012330.3 c.3147G > A p= 37 34

KCNQ2 Developmental and epileptic 
encephalopathy 7

NM_172107.3 c.1057C > G p.Arg353Gly 37 30

KMT2D Kabuki syndrome NM_003482.3 c.8141delT p.Val2714Glyfs*19 33 34

MECP2 Rett syndrome NM_004992 c.808C > T p.Arg270* 45 33

MYH3 Arthrogryposis, distal, type 2B 
(Sheldon- Hall)

NM_002470.3 c.4256A > T p.Lys1419Met 37 32

NF1A Brain malformations and urinary 
defects

NM_005595 c.946 + 1G > A 35 33

PHF6 Borjeson– Forssman– Lehmann 
syndrome

NM_001015877 c.966C > A p.Tyr322* 41 38

POGZ White– Sutton syndrome NM_207171.2 c.3541C > T p.His1181Tyr 59 32

PURA Mental retardation, autosomal 
dominant 31

NM_005859.4 c.692 T > G p.Phe231Cys 44 38

PURA Mental retardation, autosomal 
dominant 31

NM_005859.4 c.487C > T Gln163* 52 42

RIT1 Noonan syndrome 8 NM_006912.5 c.270G > C p.Met90Ile 35 28

SATB2 Glass syndrome NM_015265.3 c.1148_1148del p.Ala383GLufs*30 32 30

(Continues)
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syndrome (de Boer et al., 2018; Hervé et al., 2015; Rump 
et al.,  2013; Willemsen et al.,  2011). Both paternal and 
maternal mosaic structural aberrations have been de-
scribed in five families with Kleefstra syndrome caused by 
a 9q34.3 deletion (de Boer et al., 2018; Hervé et al., 2015; 
Willemsen et al.,  2011). In one study, autism- spectrum 
disorder was reported in three mosaic parents (de Boer 
et al., 2018). Mosaic levels ranged from 40% to 80% in the 
parents, and mosaicism was detected in other tissues than 
the gonads. Unlike the previously reported cases, no autis-
tic features are noted in the father of the EHMT1 family in 
our cohort, which can possibly be explained by low- level 
mosaicism (1%) confined to the germ cells.

The ITPR1 variant (c.7642_7644del, p.[Lys2548del]) 
in the second family has previously been reported as de 

novo in six other patients with iris hypoplasia and cere-
bellar ataxia, some of the patients had global delay or mild 
to moderate intellectual disability (Farwell et al.,  2015; 
Gerber et al.,  2016; McEntagart et al.,  2016; Synofzik 
et al.,  2018). However, this is the first time this variant 
is described as mosaic in a father of a child affected by 
Gillespie syndrome. The father is healthy and has a nor-
mal level of intellectual function.

Considering the level of sperm mosaicism in the fa-
ther with the ITPR1 variant (20%), compared to the fa-
ther with the EHMT1 variant (1%), the recurrence risk 
appears higher in the ITPR1 family. Yet, the recurrence 
risk to future offspring depends on several factors, such 
as the timing of mutation and mutation type (Breuss 
et al., 2020, 2021; Jónsson et al., 2018). Breuss et al. (2021) 

Gene Diagnosis Reference- ID Variant Amino acid change
Paternal 
age

Maternal 
age

SRCAP Floating– Harbour syndrome NM_006662.2 c.7330C > T p.Arg2444* 33 35

STXBP1 Developmental and epileptic 
encephalopathy 4

NM_003165.3 c.1439C > T p.Pro480Leu 40 32

SYNGAP1 Mental retardation, autosomal 
dominant 5

NM_006772.2 c.3415C > T p.Gln1139* 30 30

SYNGAP1 Mental retardation, autosomal 
dominant 5

NM_006772.2 c.1783_1783del p.Leu595Cys 46 45

TCOF1 Treacher– Collins syndrome NM_001008656.2 c.11622G > A p.Trp541* 37 30

TUBB3 Cortical dysplasia type 1 NM_006086.2 c.785G > A p.Arg262His 30 30

TUBG1 Cortical dysplasia type 4 NM_001070.4 c.776C > T p.Ser259Leu 35 26

USP9X Mental retardation, X- linked 99 NM_001039590 c.2554C > T p.Arg852* 31 31

WAC Desanto– Shinawi syndrome NM_016628 c.1537C > T p.Arg468* 34 33

ZEB2 Mowat– Wilson syndrome NM_014795 c.1106del p.Leu369* 35 34

ZIC2 Holoprosencephaly 5 NM_007129.3 c.1225C > T p.Arg409Trp 36 34

T A B L E  1  (Continued)

F I G U R E  2  Summary of cohort data. Genes mutated more than one time in the cohort (a). ARID1B was the most prevalent mutated 
gene in our cohort (n = 5), followed by ANKRD11 and GRIN2B (n = 4) other genes appearing more than one time were EFTUD2, PURA 
and SYNGAP1. Variant type distribution (b). Missense variants accounted for the majority (37%), followed by stopgain variants (33%), 
frameshift variants (23%). Less prevalent were inframe- deletions (4%), synonymous and splice site variants (2%). Violin plot of paternal and 
maternal ages at conception of all analysed parents (c). The mean maternal age at conception was 33.2 years and ranged from 21 to 45 years 
of age. The mean paternal age was 37.7 years and ranged from 25 to 59 years of age at conception. There was one outlier; 59 years of age at 
conception of one father

(a) (b) (c)
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divide sperm mosaicism into different types depending on 
timing of the mutations, each associated with a different 
recurrence risk. According to this classification, we hy-
pothesize that the ITPR1 variant in the father in our co-
hort is a type IIIa mutation, since it was found in blood 
as well sperm and therefore might have originated during 
embryogenesis. We hypothesize that the EHMT1 variant 
in the father in our cohort is possibly a type IIb mutation; 
a mutation with relatively low allelic fraction compared to 
type III mutations but with proliferation advantages in the 
spermatocyte.

Previous cohort studies of de novo variants have re-
ported varying prevalence of parental mosaicism (Table 3) 
(Breuss et al.,  2020; Campbell, Yuan, et al.,  2014; de 
Lange et al.,  2019; Hu et al.,  2019; Jónsson et al.,  2018; 
Legrand et al., 2019; Møller et al., 2019; Myers et al., 2018; 
Nakayama et al., 2018; Xu et al., 2015; Yang et al., 2017, 
2019). In contrast to parental mosaicism studies on pe-
ripheral blood, sperm has only been investigated in three 
cohorts previously (Breuss et al., 2020; Yang et al., 2017, 

2019). Those studies found a higher prevalence of pater-
nal mosaicism in sperm than we did. All the probands re-
ported by Yang et al. (2017) had Dravet syndrome caused 
by pathogenic SCN1A variants and 10 of the 56 fathers car-
ried the disease- causing variant in sperm (18%). The study 
for ATP1A3 mosaicism found 4% (2/51) mosaicism in the 
analysed sperm samples (Yang et al.,  2019). We investi-
gated sperm in a genetically heterogeneous cohort and 
found one parent (3%) with isolated germline mosaicism 
in sperm. Susceptibility to mutagenesis during the sper-
matogenesis as well as timing of mutations during pater-
nal embryogenesis may affect the abundance of mutations 
in germline and somatic tissues, and the overall recurrence 
risk (Breuss et al., 2020, 2021; Jónsson et al., 2018). Larger 
studies of sperm mosaicism in different genetic disorders 
need to be performed to delineate the recurrence risk in 
specific conditions.

Varying levels of mosaicism between diverse tis-
sues have also been observed in other studies (Breuss 
et al.,  2020; Møller et al.,  2019; Pasmant & Pacot,  2020; 

F I G U R E  3  2D plot of ddPCR data. Blue cluster (FAM) shows signals from mutant allele, green signals (VIC) from reference allele and 
red signals from both mutant and reference alleles. Black cluster represents the wells where no amplification signal was detected. Axes show 
channel 1 (y) and channel 2 (x) amplitudes. The index patient is used as a positive control since he/she is a known heterozygous carrier 
of the variant. (a)– (d) shows representative negative ddPCR data from a family with blood- derived DNA from the index patient/child (a), 
mother (b), father (c) and paternal sperm- derived DNA (d). In this representative family, a ddPCR assay for the variant c.2539C > T in the 
GRIN2B gene was designed. The plots show that only the child in this assay displays mutant signals. (e)– (h) shows 2D plots of ddPCR data 
in the EHMT1 family with blood- derived DNA from the index patient/child (e), mother (f), father (g) and paternal sperm- derived DNA (h) 
in the index patient (e) and paternal sperm (h) FAM- positive droplets (blue and red) were detected, signalling mutant alleles in those two 
individuals. (i)– (k) shows 2D plot of ddPCR data in the ITPR1 family with blood- derived DNA from the index patient/child (i), father (j) and 
paternal sperm- derived DNA (k) FAM- positive droplets (blue and red) were seen in all three samples. Maternal DNA was not available at 
the time of the ddPCR assay

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)



8 of 12 |   Frisk et al.

Wilbe et al., 2017; Xu et al., 2015; Yang et al., 2017). In line 
with our observation, Yang et al.  (2017) also found that 
the level of mosaicism in sperm of the fathers were higher 
than in their blood. Further support for differences in mo-
saicism levels between tissues is provided in a study by 
Moller et al., that used targeted MPS with a minimum read 
depth of 850x on 75 parental couples to patients with epi-
lepsy due to alleged de novo variants (Møller et al., 2019). 
Similar to our findings of higher allelic fractions in sperm 
than in blood, these studies support the notion that results 
from blood cannot be automatically translated to recur-
rence risk.

Our findings also demonstrate the importance of using 
sensitive methods in routine genetic parental testing, in 
agreement with several previous studies (Campbell, Yuan, 
et al., 2014; de Lange et al., 2019; Liu et al., 2020; Wilbe 
et al., 2017; Xu et al., 2015; Yang et al., 2017). Here we used 
TaqMan assays specifically designed and optimized for 
ddPCR analysis of unique targets in each family. Although 
this approach may seem costly and laborious, it gives a 
more accurate level of parental mosaicism. However, with 
reduced cost of MPS, deep sequencing might be an attrac-
tive option instead of designing family specific assays. Still, 
even though WES/WGS might be used for identification 
of parental mosaicism in trio analysis, there is a risk that 

mosaic variants in parents may hinder the identification 
of potentially disease- causing variants in the children, as 
those variants might be filtered out due to their detection 
in one of the parental blood samples. Therefore, it could 
be of importance to analyse the MPS data as a singleton or 
one parent at- a- time approach.

Due to technical difficulties of obtaining oocytes for 
analysis, we are limited to study germline mosaicism 
in males only, making the actual rate of germline mo-
saicism and true recurrence risk difficult to conclude. 
Nevertheless, sperm analysis adds important informa-
tion regarding parental mosaicism since 80% of de novo 
variants arise on the paternal haplotype (Acuna- Hidalgo 
et al., 2016; Breuss et al., 2021; Kong et al., 2012; Rahbari 
et al., 2016). For future studies, it would also be interest-
ing to collect samples from tissues representing all the 
three different germ layers during embryonic develop-
ment, in order to understand when the mutational event 
has occurred and further deciphering the mechanisms of 
mosaicism.

T A B L E  2  Summary of ddPCR data in families where parental 
mosaicism was detected

ddPCR results EHMT1 family ITPR1 family

Gene EHMT1 ITPR1

Variant c.2986C > T c.7642_7644del

Amino acid change p.Gln996* p.Lys2548del

Transcript NM_024757.4 NM_002222.5

ACMG Class Likely pathogenic 
(4)

Pathogenic (5)

Parent with findings Father Father

VAF (%)

Blood – 9.28

Sperm 1.11 20.24

Number of droplets

Father (blood), in total 586,705 35,553

VIC positive 325,202 19,323

FAM positive – 2741

Father (sperm), in total 284,766 37,380

VIC positive 145,311 20,416

FAM positive 2202 6789

Reached sensitivity 1:100,000 1:10,000

Note: Variants were classified according to the American College of Medical 
Genetics and Genomics (ACMG) guidelines for interpretation of genetic 
variants.
Abbreviation: VAF, variant allelic fraction.

F I G U R E  4  Summary of results in families where parental 
mosaicism was detected (a). For the EHMT1 family (in green), the 
heterozygote child (index patient) had a total of 49.9% of mutation- 
positive droplets (dark green; FAM positive) and 50.1% wild- type- 
positive droplets (light green; VIC positive). The blood samples 
from the mother and father were negative, with 0% mutated 
droplets identified. Sperm sample from the father identified 1.1% 
mutated droplets (dark green). For the ITPR1 family (in red), the 
index patient had a total of 50.0% of mutation- positive droplets 
(dark red; FAM positive) and 50.0% wild- type- positive droplets 
(light red; VIC positive). Blood and sperm from the father had 
9.3% and 20.2%, respectively, positive droplets. Since the mother 
had passed away, DNA was not available in the ITPR1 family. All 
samples were run at the least in triplicates and each assay with 
positive findings was replicated with similar results. Pedigrees of 
EHMT1 family (b) and ITPR1 family (c)

0

2000

4000

6000

8000

10000

(c)(b)

(a)
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In conclusion, we report upon two unaffected fathers 
with germline mosaicism, showing higher level of mo-
saicism in sperm than in blood, which is important to 
consider for genetic counselling. Consequently, mosaic 
variants in parents might be missed by routine clinical 
blood- derived DNA analysis. Therefore, after genetic 
counselling, sperm analysis in fathers can be offered as 
part of the routine testing of parents to children diagnosed 
with de novo variants causing rare diseases.
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