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Abstract: Genetic mosaics provide information about cellular lineages that is otherwise 
difficult to obtain, especially in humans. De novo mutations act as cell markers, allowing the 
tracing of developmental trajectories of all descendants of the cell in which the new mutation 
arises. De novo mutations may arise at any time during development but are relatively rare. 
They have usually been observed through medical ascertainment, when the mutation causes 
unusual clinical signs or symptoms. Mutational events can include aneuploidies, large 
chromosomal rearrangements, copy number variants, or point mutations. In this review we 
focus primarily on the analysis of point mutations and their utility in addressing questions of 
germ line versus somatic lineages. Genetic mosaics demonstrate that the germ line and soma 
diverge early in development, since there are many examples of combined somatic and germ 
line mosaicism for de novo mutations. The occurrence of simultaneous mosaicism in both 
the germ line and soma also shows that the germ line is not strictly clonal but arises from at 
least two, and possibly multiple, cells in the embryo with different ancestries. Whole genome 
or exome DNA sequencing technologies promise to expand the range of studies of genetic 
mosaics, as de novo mutations can now be identified through sequencing alone in the absence 
of a medical ascertainment. These technologies have been used to study mutation patterns 
in nuclear families and in monozygotic twins, and in animal model developmental studies, 
but not yet for extensive cell lineage studies in humans. 
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1. Embryonic Origin of the Mammalian Germ Line 

The cells that give rise to the germ line in humans are set aside early during embryogenesis [1].  
The first cells that have been identified in humans as contributing to the germ line are progenitor germ 
cells (PGCs), which are distinguished by their specific cellular morphology and high-level expression 
of alkaline phosphatase [2–4]. In human embryos, as few as 30–50 PGCs have been observed in 12–13 
somite embryos (Carnegie stage 10–11, 28–30 days post-fertilization) [5,6]. In 7–8 day old mouse 
embryos, counts of 10–150 PGCs have been made [5,7]. In both humans and mice, PGCs are first 
recognizable in the dorsal wall of the yolk sac near the developing allantois, and migrate through the 
embryo, eventually arriving near the endodermal yolk sac, where they are incorporated into the 
surrounding gonadal tissue developing from somatic cells [1,2,8–10]. A number of molecular markers, 
including VASA, DAZL, NANOG, c-KIT, and POU5F1, have been described in human embryonic germ 
cells; however, it is unclear whether these markers are all expressed in the earliest PGCs [10–14]. 

The earliest stages of germline specification are poorly understood in humans. In mice it has been 
shown that six cellular precursors to PGCs (called founding germ line cells or FGCs) originate in the 
epiblast, and, in response to bone morphogenetic protein signalling from surrounding cells, express 
Smad1-5, Prdm1 (also known as Blimp1) and Prdm14. The FGCs subsequently migrate to the 
extraembryonic region, where they proliferate and develop into PGCs with expression of Stella, Kit, 
TNAP and SSEA1 [15]. Given differences in early mouse and human embryonic development, it is not 
clear whether the same series of events occurs in human FGC specification [15]. Combining cell counts 
and theoretical modelling of cell division rates, Zheng et al. suggested that there may be as few as 2–3 
FGCs in humans [16]. However, their analysis does not address the clonality of FGCs [1]. Here  
the term “clonal” is used with a specific sense, meaning that all cells of the eventual germ line derive 
from a single ancestral cell, whose descendants include only germ line and not somatic tissue. Thus,  
the fertilized egg, while being the ultimate ancestral cell of the entire embryo, is not a clonal ancestor of 
the germ line because its descendants also include soma and extra-embryonic tissues. 

In principle, there are several possibilities for initial specification of the germ line. A single embryonic 
cell, or all descendants of such a cell, might become the first FGC (henceforth referred to as FGC1), with 
the entire germ line descended from that/those cell(s). Alternatively, two or more cells with different 
ancestries might independently be recruited as FGCs (henceforth referred to as FGC1,2,3,…). In humans, 
these alternatives are impossible to resolve through histological observation alone, given the narrow time 
windows, the small number of cells involved at the earliest stage of germ line recruitment, and the very 
limited opportunity to examine human embryos at exactly the right point in development. 

The use of cytogenetic or molecular genetic mosaicism to study germ line lineage, which was proposed 
in detail more than 40 years ago by Nesbitt and Gartler among others [17], has not been widely exploited in 
humans. Such mosaics arise through post-fertilization de novo mutation leading to genetically mixed cell 
populations in an embryo derived from a single fertilized egg, and are well-documented in humans [18–21]. 
Germ cell development has been studied using spontaneous and mutagen-induced mosaicism in mice, 
providing evidence of a polyclonal origin of the germ line in both males and females [22]. In another 
approach, animals such as mice or chicks can also be created as chimeras having mixed cell populations 
by physically merging two or more embryos with different genetic backgrounds. Such physical chimeras 
have been observed as rare spontaneous events in humans, arising through fusion in multi-embryonic 
pregnancies [23,24]. 
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2. Germ Line and Zygotic de novo Point Mutation Rates 

Recent sequencing studies using next-generation sequencing technology have documented that each 
individual’s genome contains at least 50–100 new point mutations that were not present in the genomes 
of either parent [25–31]. These are referred to as de novo mutations. Here, point mutations include single 
nucleotide variants (SNVs) as well as small insertions and deletions (indels). This is likely an 
underestimate of the total mutation rate as repetitive sequences are difficult to analyse by next-generation 
sequencing; hence mutations arising in these genomic regions may be underrepresented although rates 
in these regions may be higher than average due to difficulties during replication or recombination. 
Larger copy number variants (CNVs) and other structural variants (SVs) such as chromosomal 
rearrangements are also excluded from this total, although such mutations have been documented and 
probably occur in most zygotes [31]. 

Interpretation of apparent de novo mutation rates requires consideration of the source of DNA used 
for the analyses. Most genome sequencing studies are performed using DNA extracted from peripheral 
blood cells. Such DNA is obtained from nucleated leukocytes in blood, comprising a variety of 
hematopoietic cell types whose relative proportions vary and depend on the specific method of separation 
used. Lymphocytes comprise the major cell type remaining after Ficoll separation, thus the term lymphocyte 
DNA is frequently used in the genetics literature. Here the more general term leukocyte will be used. 
The issue of DNA source is relevant for mosaicism studies. The measured rate of 50–100 de novo point 
mutations per zygote, observed from sequencing leukocyte DNA, includes two separate classes of events: 
mutations arising in a parental germ cell or germ line precursor, or mutations arising post-fertilization 
in the offspring. The latter events are usually called somatic mutations, although if they arise early 
enough during embryogenesis, they could be present in both the soma and germ line of the offspring. 
These two classes of events, parental germ line and zygotic mutations, cannot be distinguished simply 
from analysis of leukocyte DNAs. Additional studies are required as described below. 

The relative contribution of parental versus zygotic de novo mutation events can be estimated by 
comparing the genomes of monozygotic twins. Genomic differences shared by both twins and neither 
parent represent pre-twinning events, of either post-fertilization but very early zygotic or else parental germ 
line origin. Genomic differences between MZ twins reflect mutations arising post-twinning. Large-scale 
chromosomal rearrangements, aneuploidy and copy number variant (CNV) differences between MZ 
twins have been well-documented for quite some time [32]. More recently, studies using whole genome 
sequencing or high density SNP genotyping have demonstrated the occurrence of post-twinning point 
mutations. These are very rare, with at most a few per twin pair based on comparing leukocyte DNA. 
Thus most of the 50–100 de novo point variants found by comparing parental and offspring leukocyte 
DNA are the result of mutations occurring either in the parental germ lines or in the zygote before 
twinning occurs, which may be as late as the gastrula stage 9–12 days after conception [25,33–42]. The 
relatively small size of such early zygotes suggests that most observed de novo events probably occur in 
a parent. As an aside, repetitive genomic regions notwithstanding, most de novo variants fall in non-protein 
coding regions as coding exons comprise only approximately 1.5% of the haploid genome. Indeed, rates 
of deleterious de novo mutation leading to dominant genetic disorders are substantially lower than the 
total rate of de novo mutations. De novo mutations within coding regions occur at most a few times per 
zygote, and about half of these are synonymous and thus generally without deleterious effects. Despite 
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such a low rate of new deleterious mutations per live birth, the human protein-coding gene repertoire is 
saturated with deleterious mutations in the more than 130 million of live births that occur worldwide 
annually, although most are expected to be silent due to their recessive effects [43–45]. 

The general rarity of de novo mutation events has until recently made the ascertainment and study of 
such events difficult, except when there is a significant medical impact (although the advent of  
next-generation sequencing technologies will mitigate against the rarity of these events in future studies). 
Their rarity also implies that most such events will generate a variant in the heterozygous state in diploid 
cells (except on the X or Y chromosome in males). Although many or perhaps most deleterious mutations in 
the human genome behave as recessive alleles, some mutations do behave dominantly to cause particular 
genetic disorders; a subset of these may result in medical disorders even if present in only some somatic 
cells [45]. In such cases, clinical ascertainment may allow the identification of de novo mutational events 
in probands with genetic disorders associated with high penetrance heterozygous mutations, whose 
parents do not share the disorder [18,21]. Many studies have documented such examples, which are 
usually demonstrated by direct sequencing of the causal gene (if known or suspected), or else by whole 
genome or whole exome sequencing. In some disorders de novo dominant mutations are the main source 
of new cases, if the disorder results in reduced viability or reproductive fitness. 

3. Mosaicism Patterns Depending on Germ Line Lineage 

The occurrence of germ line and somatic mutations provides an opportunity to explore the early germ 
line lineage. Consider a new mutation arising in some cell during embryogenesis. Assuming that the 
mutation is not deleterious at the cellular level, this cell and all of its descendants will be heterozygous 
for the mutation (or hemizygous in the case of X- or Y-linked non-pseudo-autosomal mutations in males). If 
these descendants include only somatic cells, then various somatic tissues will carry the mutation in 
various proportions, depending on exactly when and where in the embryo the mutation arose (Figure 1A). 
The individual will be a somatic mosaic, with a completely normal germ line (Figure 2A). The lack of 
access to most tissues in living humans makes comprehensive studies of such somatic mosaicism 
difficult, although inter-tissue variation of mutant cell frequencies has been observed by analyzing 
multiple tissues that can be sampled routinely (blood, hair follicles, buccal epithelium, urine, or skin 
fibroblasts) [46]. One example with medical ascertainment is Proteus syndrome, in which mosaic 
mutations of the AKT1 gene are found in multiple tissues but rarely in hematopoietic cells [47,48]. Another 
extensively studied disorder is McCune-Albright syndrome, in which mosaic mutations in the GNAS1 
gene are found in multiple endocrine and non-endocrine tissues, leading to the clinical phenotype [49,50]. 
Many cancers depend on somatic mutations arising in particular embryonic (or post-embryonic) cells at 
the right time and place to result in the particular phenotype. 

Alternatively, a mutation might arise in a cell whose descendants include both soma and germ line 
(Figure 1B). In this case, if there is only a single clonal FGC1, the soma would be mosaic, whereas germ 
line pre-meiotic cells would be completely mutant (and heterozygous (excepting the non-pseudo-autosomal 
X or Y in males) prior to meiosis, Figure 2B). Post-meiotic gametes would be either wild type or mutant, 
in equal ratio. 
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Figure 1. Potential cell lineages of somatic and germ line mosaicism based on alternative 
specification scenarios. In each panel, the one cell zygote is shown at the top, and following 
a small number of divisions. At some point, a wild type (+/+) cell gives rise to a mutant cell 
(+/*), which divides to produce a set of descendants that include all or part of the germ line 
and/or part of the soma. Panels (A), (B), and (C) assume that a single post-zygotic cell 
(FGC1) gives rise to the entire germ line. Panel (D) assumes two or more post-zygotic cells, 
of different post-fertilization ancestry, contribute to different portions of the germ line (Germ 
line a, Germ line b). In each panel, cells contributing to the germ line are shaded in grey.  
De novo mutations are indicated as asterisks so that cells carrying the mutation are 
heterozygous +/*. Panel (D) shows the lineage outcome in the event of mutation in a cell that 
gives rise to both germ-line and somatic descendants, in the case of multiple (i.e., non-clonal) 
germ line precursors. These trees are not meant to reflect specific actual cell lineages or the 
relative size of germ line versus somatic cell compartments. 

In the third case, a mutation might arise in a mitotic germ line descendant of the initial FGC(s)  
(Figure 1C), resulting in a mosaic germ line and completely wild type soma (Figure 2C). Such mutations 
could be transmitted to multiple gametes derived by meiosis from different mitotic descendants of the 
initially mutated cell over the course of years. Participation of those gametes in fertilization would lead 
to multiple cases in of the same, apparently de novo genetic disorder, recurrent in the family but not 
through multiple independent mutational events. Such families have been repeatedly, albeit infrequently, 
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reported in the medical literature. The potential for such intra-familial recurrence is often overlooked by 
non-geneticists, and is particularly relevant for genetic counsellors attempting to estimate recurrence 
risks in families. The recurrence risk in these cases could range from effectively nil (in the case of an 
immediately pre-meiotic mutation leading to only a single carrier gamete) to almost 50% (in the case of a 
heterozygous mutation arising early in germ line clonal mitotic expansion and hence expected in a large 
proportion of gametes). Some such mutations appear to provide a selective advantage to the mitotic germ 
line cells in which they occur, which can further bias the expected intrafamilial recurrence risk [51–54]. 

 

Figure 2. Potential anatomical patterns of mosaicism based on the lineage and mutational 
scenarios of Figure 1. Each panel is matched to the equivalent panel in Figure 1 (panel A, 
germ line clonal, mutation in soma; B, germ line clonal, mutation in cell ancestral to germ 
line and some of soma; C, germ line clonal, mutation in germ line; D, germ line not clonal, 
mutation in cell ancestral to some of germ line and some of soma). The germ line is presented 
as two circles in the lower abdomen, either wild type (unshaded) or mutant (black). Patches 
of somatic tissue carrying a de novo mutation are shown as irregular black shapes and may 
include skin and/or any other kind of somatic cells. In panels (C) and (D), germ line 
mosaicism is shown in both the right and left gonad, but other gonad patterns are likely as 
well, depending on how the primordial gonads are populated by PGCs. Relative sizes of the 
germ line versus soma are not to scale; the germ line in humans is obviously much smaller 
than the soma in physical size and cell number. Patterns of mosaicism are also not meant to be 
interpreted literally, other than inclusion or exclusion of all or part of germ line versus soma. 
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The single FGC1 hypothesis–that all germ cells are clonally derived from a single progenitor cell that 
gives rise to all of the germ line and no somatic cells–is consistent with all of the outcomes regarding 
post-zygotic de novo mutations shown in Figure 1A–C. However, this hypothesis is not consistent with 
the outcome shown in Figures 1D and 2D, in which both the soma and germ line are mosaic for the same 
mutation. This outcome is only possible if the germ line is derived from two or more germ line-specific 
progenitor cells, only one of which is a descendant of the originally mutated cell. 

Here an important point of terminology must be made. In the clinical genetics literature, germ line 
mosaicism is inferred in families in whom there are two or more children with the same fully penetrant 
autosomal dominant disease that is not obviously present in either parental genome. The term “germ-line 
mosaicism” as used in the literature thus does not necessarily imply exclusive germ-line involvement; 
somatic mosaicism may or may not also be present. In some clinical reports of germ-line mosaicism, the 
mutation has been demonstrated in a proportion of the affected parent’s germ cells (usually the father’s 
sperm, see examples in Table 1). In many more instances, the mutation has been tested for and may or 
may not have been found in the parents’ blood and/or other somatic tissues. In this discussion, we use 
the term “germ line mosaicism” to mean that a portion, but not all, germ cell precursors (or germ cells) 
in a given individual have a particular mutation; mosaicism or lack thereof, in parental somatic tissue is 
not automatically implied. It should be noted that a definitive negative interpretation of parental somatic 
tissue, expected in the case of pure germ line mosaicism, is difficult to prove given the limited access to 
most somatic tissues. 

If the germ line arises from two or more FGCs with different clonal histories, then combined somatic 
and germ line mosaicism (Figures 1D and 2D) is possible. The situations depicted in Figure 1A–C are 
also consistent with multiple FGCs, with probabilities that depend on embryonic timing and location of 
mutations and developmental fate of the mutant cells, but demonstration of mosaicism for the same 
mutation in both the germ line and somatic tissues of an individual is only compatible with multiple 
FGCs that are not clonally closely related to each other. 

4. Observational Tests of Combined Germ Line and Somatic Mosaicism 

There are several ways to assess the mosaic status of the soma and germ line. The simplest observations 
are cytogenetic in the case of a chromosomal aneuploidy or major rearrangement. Molecular approaches 
may involve measuring the ratio of wild type to mutant alleles in either compartment. In a sample of fully 
mutant heterozygous cells with no mosaicism, this ratio should be 1/1, i.e., 50% mutant and 50% normal 
or reference allele. In the event of mosaicism, this proportion may be less than 50%, depending on what 
fraction of the tissue sample includes descendants of the initially mutant cell. The proportion of alleles 
that are mutant can be determined by Sanger sequencing and quantifying the ratio of normal to mutant 
allele peak heights in sequencing chromatograms at the variant site, or by counting PCR clones of 
amplified fragments containing the mutation, or by counting individual normal and mutant reads at the 
variant site following next-generation whole genome or exome sequencing. Alternatively, the two alleles 
can be quantified by differential hybridization or quantitative PCR in a custom genotyping assay. 
Somatic mosaicism can also be studied in different somatic tissue sources as noted above. 
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Table 1. Candidate examples of combined somatic and germ line mosaicism in genetic disorders. 

Disorder and Clinical Status of 
Affected Offspring 

Gene and 
Chromosome 

Somatic Mosaicism in Parent * 
Germ Line Mosaicism in 

Parent * 
Mosaic Parent and 

Clinical Status 

X-linked dominant protoporphyria [55],  
One severely affected 

ALAS2  
ChrX 

Yes  
Sequencing, 13% mutant allele in peripheral 

blood and buccal mucosa 

Yes  
Aff/unaff half-sibs share 

same maternal X haplotype 
with/without mutation 

Mother Mildly 
affected 

Androgen insensitivity [56]  
Two siblings differentially affected, one 

raised as female one as male 

AR  
ChrX 

Yes  
Allele specific oligo hybridization  

<10% mutant allele in peripheral blood 

Yes  
Aff/unaff sibs share same 

maternal X haplotype 
with/without mutation 

Mother Unaffected 

Osteogenesis imperfecta [57]  
Two half-siblings, one deceased  

pre-term, one deceased neonatally 

COL1A1  
Chr17 

Yes  
RFLP, 20% mutant allele in peripheral blood, 

hair bulbs, absence of mutant allele in 
fibroblasts 

Yes  
RFLP, 14% mutant allele in 

sperm 
Father Unaffected 

Osteogenesis imperfecta [58]  
One deceased perinatally 

COL1A1  
Chr17 

Probably  
Allele-specific hybridization, variable 

proportion mutant allele 26% in peripheral 
blood 45%–50% in fibroblasts 

Probably  
Allele-specific hybridization, 

36%–40% mutant allele in 
sperm 

Father Mildly 
affected 

Osteogenesis imperfecta [59]  
Two siblings, one more severe deceased 

at 3 years 

COL1A1  
Chr17 

Yes  
Allele specific hybridization, library colony 
count, variable proportion mutant allele in 

peripheral blood (~10%), fibroblasts (~25%) 

Possibly  
Allele specific hybridization, 
library colony count, 40%–45% 

mutant allele in sperm 

Father Unaffected 

Osteogenesis imperfecta [60]  
Two half-siblings, severely affected 

deceased neonatally 

COL1A2  
Chr7 

Probably  
Southern blot, variable stoichiometry of 
mutant allele in peripheral blood (40%), 

fibroblasts (almost 50%) 

Probably  
Southern blot, 40% mutant 

allele in sperm 

Father  
Moderately affected 

Osteogenesis imperfecta[61]  
One affected proband, two deceased 

prenatally 

COL1A2  
Chr7 

Yes  
25% mutant allele in peripheral blood, 

fibroblasts 

Possibly  
40% mutant allele in sperm 

Father  
Unaffected 
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Table 1. Cont. 

Disorder and Clinical Status of 
Affected Offspring 

Gene and 
Chromosome 

Somatic Mosaicism in Parent * Germ Line Mosaicism in Parent * 
Mosaic Parent and 

Clinical Status 

Rubinstein-Taybi syndrome [62]  
One significantly affected (FII) 

CREBBP  
Chr16 

Possibly  
Sanger sequencing, small secondary 
peak of mutant allele in saliva, blood 

(not quantified) 

Possibly  
Sanger sequencing, small 

secondary peak of mutant allele in 
sperm (not quantified) 

Father  
Very mildly affected if 

at all 

Dyskeratosis congenital [63]  
Two affected males, two unaffected 

mutation carrier het females with 
skewed X-inactivation 

DKC1  
ChrX 

Yes  
Allele-specific PCR, mutant allele 

observed but <5% in peripheral 
blood, saliva 

Yes  
Aff/unaff brothers share same 

maternal X haplotype with/without 
mutation 

Mother  
Unaffected 

Duchenne muscular dystrophy [64]  
Family DL114, one affected proband 

DMD  
ChrX 

Possibly  
Southern blot, mutant allele band less 

than 50% in peripheral blood 

Yes  
Aff/unaff sibs share same maternal 
X haplotype with/without mutation 

Mother 

Duchenne muscular dystrophy [65]  
Proband hemizygous, severely affected 

from age 3 years 

DMD  
ChrX 

Yes  
Microsatellite genotyping and PCR 

deletion detection  
Three alleles detected in maternal 

lymphocytes 

Yes  
Aff/unaff brothers share same 

maternal X haplotype with/without 
mutation 

Mother  
Unaffected 

Haemophilia B [66]  
One severely affected hemizygous 

male of heterozygous mother, 
mosaicism analyzed in her father 

(“grandfather”) 

FIX  
ChrX 

Yes  
DHPLC, 35% mutant allele in 

peripheral blood 

Yes  
Aff/unaff half-sisters share same 

grandpaternal X haplotype 
with/without mutation 

Grandfather  
Mildly affected in 

clotting assay 

Facioscapulohumeral muscular 
dystrophy [67]  

One affected in each of two families 
(F4, F13) 

FSHD1  
Chr4 

Probably  
Southern blot  

Signal of mutant versus normal 
RFLP band in peripheral blood lower 
than in non-mosaic affected progeny 

(semi-quantitative) 

Yes  
Southern blot  

Aff/unaff sibs share same maternal 
haplotype with/without mutation in 

both families 

Mothers (2 families)  
Possibly affected 
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Table 1. Cont. 

Disorder and Clinical Status of 
Affected Offspring 

Gene and 
Chromosome 

Somatic Mosaicism in Parent * 
Germ Line Mosaicism in 

Parent * 
Mosaic Parent and 

Clinical Status 
Haemophilia A [68]  

One affected male proband, mutation 
from mosaic mother 

FVIII  
ChrX 

Possibly  
Southern blot, causal mutant allele much 

less than 50% in peripheral blood 

Possibly  
Southern blot, three gene alleles 

among progeny 

Mother  
Unaffected 

Haemophilia A [69]  
One affected male proband, mutation 
from heterozygous unaffected mother, 

mosaic was maternal grandfather 

FVIII  
ChrX 

Yes  
Sequencing and PAGE, normal and 

mutant allele of X-linked gene present in 
peripheral blood, buccal cells 

Yes  
Sequencing and PAGE, 2 sisters 
of proband’s mother, normally 

obligate mutation carriers, lacked 
mutant allele 

Grandfather  
Unaffected 

Lesch-Nyhan syndrome [70]  
Proband hemizygous for mutation, 

undiagnosed brother deceased age 1 
month 

HPRT1  
ChrX 

Yes  
Cultured cell clones with or without 

mutation 

Yes  
Aff/unaff sisters share same 

maternal X haplotype 
with/without mutation 

(heterozygous) 

Mother  
Unaffected 

Hunter disease [71]  
Proband hemizygous for mutation 

IDS  
ChrX 

Yes  
Allele-specific hybridization, quantitative 
PCR, variable mutant allele frequencies 
7% in lymphocytes, leukocytes, 22% in 

fibroblasts, 1/35 hair bulbs 

Yes  
Aff/unaff brother/sister share 
same maternal X haplotype 

with/without mutation 

Mother  
Unaffected 

CRASH syndrome [72]  
Proband hemizygous for mutation, 
mother heterozygous carrier, one 

affected hemizygous uncle 

L1CAM  
ChrX 

Yes  
RFLP, SSCP, mutant allele signal less 
than in true heterozygotes in family. 

Yes  
Aff/unaff siblings share same 
grandmaternal X haplotype 

with/without mutation 

Grandmother  
Unaffected 

Neurofibromatosis [73]  
Mosaic mother is proband, affected 
daughter simple heterozygote for 

mutation 

NF2  
Chr22 

Yes  
Quantitative Sanger sequencing, 18% 

mutant allele in peripheral blood 

Yes  
Aff sister/unaff brother share 

same maternal haplotype 
with/without mutation 

Mother  
Affected diagnosed 

age 23 years 
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Table 1. Cont. 

Disorder and Clinical Status of 
Affected Offspring 

Gene and 
Chromosome 

Somatic Mosaicism in Parent * 
Germ Line Mosaicism in 

Parent * 
Mosaic Parent and 

Clinical Status 
Lowe syndrome [74]  

One affected hemizygous mutation 
carrier in family LS04FR, heterozygous 

unaffected mother 

OCRL  
ChrX  

Possibly  
Single strand conformation analysis, small 

proportion of mutant allele detected in 
urine, none in blood, buccal or hair bulb 

Yes  
1 carrier, 2 normal sisters share 

same grandmaternal X haplotype 
with/without mutation 

Grandmother  
Unaffected 

Hypophosphatemic rickets [75]  
One affected diagnosed age 19 months, 

56% mutant allele as per simple 
heterozygote 

PHEX  
ChrX 

Yes  
Single-base extension and DHPLC, 60% 
mutant allele in lymphocytes, 6%–94% 

mutant allele in multiple independent hair 
bulbs 

Yes  
Aff/unaff sisters share same 

paternal X haplotype 
with/without mutation 

(heterozygous) 

Father  
Affected, treatment 

initiated age 2 years, 
grandparents 
unaffected 

Polycystic kidney disease [76]  
One affected diagnosed age 17 years 

PKD1  
Chr16 

Yes  
Next-generation sequencing, 3% mutant 
allele in peripheral blood, 4% in buccal 
cells (below detection limit by Sanger 

sequencing) 

Yes  
Sanger, next-generation 

sequencing, 10% mutant allele in 
sperm 

Father  
Affected, diagnosed 

age 50 years 

Alzheimer disease [77]  
Mosaic mother is proband, onset age 42 

years, deceased age 58 years.  
One daughter inherited mutation fully 

heterozygous, more severe, onset age 27 
years, deceased age 39 years 

PSEN1  
Chr14 

Yes  
Allele-specific hybridization, mutant allele 

in peripheral blood, autopsy cerebral 
cortex much lower signal than in 

heterozygous daughter (qualitative), 
mutant detected by sequencing cerebral 

cortex but not peripheral blood DNA 

Yes  
1 aff/2 unaff sibs share same 

maternal haplotype with/without 
mutation 

Mother  
Affected 

Retinoblastoma [78]  
Three families (139, 345, 385) each with 

one bilaterally affected proband 

RB1  
Chr13 

Yes  
PCR SSCP, mutant allele less than 50% in 

peripheral blood in all three mosaic 
parents 

Yes  
Aff/unaff sibs share same 

parental haplotype with/without 
mutation (all 3 families). In one 

family, mutation observed in 
20%–30% of father’s sperm 

Father (two families)  
Mother (one family)  

All unaffec ted 
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Table 1. Cont. 

Disorder and Clinical Status of 
Affected Offspring 

Gene and 
Chromosome 

Somatic Mosaicism in Parent * 
Germ Line Mosaicism in 

Parent * 
Mosaic Parent and 

Clinical Status 

Retinoblastoma [79]  
Families D, E one bilaterally affected 

proband in each 

RB1  
Chr13 

Yes  
RFLP, sequencing individual PCR clones 

from peripheral blood, 10% clones 
mutation positive in fam D, 12% in fam E. 
Single-sperm PCR RFLP, 7% mutation-

carrying sperm in fam E 

Yes  
Aff/unaff sibs or half-sibs share 

same paternal haplotype 
with/without mutation 

Fathers (two 
families, one 

bilaterally, one 
unilaterally affected) 

Spinal muscular atrophy [80]  
One affected inheriting mutation 
independently from both parents, 

father het carrier, paternal 
grandmother is candidate mosaic 

SMN1  
Chr5 

Possibly  
Microsatellite genotyping showed 3 chr5 
haplotypes, qPCR showed intermediate 

gene dosage in peripheral blood 

Possibly  
Affected/unaffected progeny 

share same grandmaternal 
haplotype with/without mutation 

Grandmother  
Unaffected 

Anophthalmia syndrome [81]  
One severely affected, second 
deceased pre-term not studied 

SOX2  
Chr3 

Yes  
RFLP by DHPLC, mutant allele present 

with lower signal in blood, mouthwash of 
parent than in non-mosaic affected 

heterozygous offspring (qualitative) 

Yes  
Aff/unaff sibs share same 

maternal haplotype with/without 
mutation 

Mother  
Unaffected 

46,XY disorder of sexual 
development [82]  

Two fully sex-reversed XY siblings 

SRY  
ChrY 

Yes  
Normal and mutant SRY alleles seen for Y 

chromosome in peripheral blood 
(qualitative) 

Yes  
Normal and mutant SRY alleles 

seen for Y chromosome in sperm 
(qualitative) 

Father  
Unaffected 

Abbreviations: “Chr” chromosome, “Oligo” oligonucleotide, “Aff/unaff” affected/unaffected, “Fam” family, “RFLP” restriction fragment length polymorphism, “SSCP” 
single strang conformation polymorphism, “PAGE” polyacrylamide gel electrophoresis, “DHPLC” denaturing high performance liquid chromatography, “qPCR” 
quantitative polymerase chain reaction. In reports including multiple families, those families with combined somatic and germ line mutation are identified as numbered in 
the original publications (e.g., Rubinstein-Taybi, Duchenne muscular dystrophy). * Mutant allele frequency has a theoretical maximum of 50% in heterozygous cells (100% 
in cells of hemizygous non-pseudo-autosomal X or Y linked males). Some reports refer to proportion of mutation-carrying cells, with a maximum of 100%; here these are 
corrected to the mutant allele frequency. 
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Germ line mosaicism can be similarly assessed by direct sequencing or genotyping, most easily 
through a sperm sample in males [83–85]. Germline samples may also be obtained through testicular 
aspiration in males or in ova collected from women after superovulation for in vitro fertilization. Some 
studies have also been performed on gonadal specimens obtained for diagnostic purposes by surgery or 
biopsy. Indirect assessment of the parental germ line can be performed by haplotype analysis of the 
children. For this approach, families with one or more children who carry the same mutation that does 
not appear to be present in either parent are required. One of the parents in such families is almost 
certainly mosaic for an apparent offspring de novo mutation, but further studies are needed to determine 
the presence and proportion of mutation-carrying cells in that parents’ germ line. Even if a parent’s germ 
line is fully mutant, only 50% of progeny, on average, would receive the mutant allele, as only half of 
gametes will carry the mutation; thus the occurrence of both affected and unaffected offspring alone is 
insufficient to demonstrate mosaicism of parental germ line cells. In order to establish germ line 
mosaicism in a parent, genotyping of markers surrounding the mutation must demonstrate that one 
particular grandparental haplotype present in the parental germ line carries a normal allele in one child 
and a mutant allele in another child. In the past, microsatellite markers were usually employed for such 
haplotyping, although SNP markers are equally applicable. The markers should be no more than a few 
centimorgans from the site of the mutation to minimize the possibility that recombination has occurred 
between the markers and the variant of interest. Alternatively, if an informative haplotype-defining 
inherited SNP is close enough to the de novo variant to be detectable in the same long-read sequencing 
amplicon, phase can be inferred directly. 

Haplotyping is easier when the offspring are male and the variant of interest is on the  
non-pseudo-autosomal X-chromosome, as the offspring are hemizygous and haplotype-defining marker 
phase can be determined directly from their genotypes. Mosaicism for X-linked variants by haplotyping 
male offspring can only assess the maternal germ line of course. Haplotyping of autosomal variants can 
be performed to test mosaicism in both maternal and paternal germ lines. 

5. Examples of Combined Somatic and Germ Line Mosaicism 

A number of investigations have demonstrated that in mammals, including humans, somatic mosaicism 
frequently accompanies germ line mosaicism (Figures 1D and 2D). Studies of XX��XY chimaeric 
(“tetraparental”) mice, in which both XX and XY cells are present in most, if not all, somatic tissues, have 
shown the presence of both XX- and XY-germ cell precursors in the gonads of individual animals [86,87]. 
In humans, several cases have been reported in which low-level mosaicism for trisomy 21 in the blood 
and skin was found among the mothers of foetuses or infants with trisomy 21, implying concurrent germ 
line and somatic mosaicism [88]. 

Recurrent de novo disease-causing point mutations have been reported in many different autosomal 
dominant or X-linked conditions, in which germ line mosaicism was inferred because two or more children 
carried the same apparently de novo pathogenic mutation that could not be demonstrated by Sanger 
sequencing of leukocyte DNA from either parent. Typically other parental tissues such as hair follicles 
or skin fibroblasts were not examined, nor was leukocyte DNA deep-sequenced using next-generation 
methods. Thus as noted previously, the possibility of somatic mosaicism was not rigorously excluded. In fact 
a substantial proportion of such cases probably did involve parental somatic as well as germ line mosaicism. 
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Nevertheless, the genetics literature does contain many convincing examples of individuals with 
mosaicism for the same de novo mutation in both the germ line and somatic tissues (Table 1). We 
searched PubMed for references with the terms such as “somatic [and] germ line mosaicism”, and reviewed 
all reports that seemed directly relevant. In these reports, a variety of techniques were used to assess both 
somatic and germ line mosaicism, and a number of different genes were studied, including X, Y and 
autosomal genes. All of the cases were ascertained because a genetic disorder was found in association 
with an unexpected family history. These results are not contingent on any particular molecular 
experimental approach, gene or chromosome. The overrepresentation of some genes such as COL1A1, 
COL1A2 and DMD is attributable to historical reasons or technical feasibility (X-linkage). Table 1 
includes some examples where combined mosaicism is likely but not strictly proved for both somatic 
and germ line tissues. There is also one interesting example of Y-chromosome combined mosaicism for 
a variant in the male-determining SRY gene. It should be noted that the individual exhibiting the mosaic 
pattern of interest is not usually the ascertained proband, but is typically a parent (or grandparent). In 
some but not all cases the mosaic parent exhibits clinical symptoms, often mild and sometimes 
correlating with the degree of mutation mosaicism in the soma of that parent. 

The significant number of these reports is consistent with the existence of multiple FGCs, and not 
with clonal origin of all germ cells from a single precursor that gives rise only to germ line progeny. The 
observation of combined somatic and germ line mosaicism, and its interpretation as evidence for  
non-clonality in the germ line, was previously noted by Zlotogora [89]. That review was not specifically 
focused on this issue, however, and only a few relevant literature examples were cited, while some other 
consistent cases were cited but not discussed. 

Several authors in these reports comment that the aspect of mosaicism confused assignment of some 
families as to dominant versus recessive, or X-linked versus autosomal transmission. The occurrence of 
mutations in a subset of cells in unaffected carrier mosaics, either somatically or in their germ line, in 
some cases led to atypical transmission patterns. The authors warn clinical geneticists that mosaicism 
can also lead to incorrect estimates of recurrence risk of disease in families, or incorrect assessment of 
carrier status in individuals. 

6. Number and Time of Specification of FGCs 

In humans, the inner cell mass, which contains the developing embryo as well as some extraembryonic 
tissues, arises during days 4–5 post-fertilization; day 5 blastocysts contain from 10 to 50 cells resulting 
from up to six mitotic cycles [90]. It seems likely that FGC specification occurs later than this first stage 
of post-zygotic cell determination. PGCs are first observed in older embryos. If FGC specification occurs 
shortly before PGCs are detected, or if FGCs differentiate directly into PGCs, then more than 20 mitotic 
cycles could have taken place, making it much more likely that two different FGCs would have different 
ancestral cells at the time of a zygotic mutation event. These scenarios might be distinguished if the 
relative proportion of combined somatic plus germ line mosaicism (Figure 1D) could be determined 
relative to the other mosaicism patterns in a sufficiently large collection of families [17]. In one study of 
288 cases of Duchenne muscular dystrophy, a de novo causal mutation was detected in 42 families [64]. 
In these 42, there were six families with multiple transmissions from an unaffected parent, implying 
mosaicism at least in the germ line. Somatic mosaicism was also detected in one germ line mosaic parent 
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in these six families. In another study of 405 cases of retinoblastoma, a causal mutation was identified 
in the RB gene in 156 families [78]. Of these, 15 (10%) were shown to be mosaic, in the proband in nine 
cases (seven affected bilaterally, two affected unilaterally), and in an unaffected parent in six cases. It 
was noted that this represents an underestimate, as DNA from all family members was not available for 
the requisite analyses in all 156 families. Of the six cases where a mutation was inherited from a parent, 
in three cases the mutation was found in parental blood leukocytes at less than the expected 50%. As 
other tissues were not tested, nor was deep resequencing yet available, conceivably some of the other 
three cases may have also involved parental somatic mosaics. It remains to be seen whether similar 
statistics are obtained for other large ascertainments in which the requisite studies are performed, but 
these results suggest that combined somatic and germ line mutation is relatively common among families 
with some evidence of mosaicism. It should also be noted in passing that although many of the reported 
studies involve dominant conditions, this is partly due to a bias in clinical ascertainment. It is certainly 
the case that families with recessive genetic transmission can also involve mosaicism, where one allele 
is present in unaffected carriers, and the second, leading to the appearance of the recessive phenotype, 
arises de novo, either in a parent or in the proband. The second, de novo mutation, could also involve 
combined somatic plus germ line or only germ line parental mosaicism. 

One alternative scenario which could lead to mosaicism of both soma and germ line in the case of a 
single clonal origin FGC, is if mitotic cells of the germ line were able to revert to a somatic fate, or if 
FGCs could yield both somatic and germ line descendants (in which case they would not really be FGCs 
by definition). Such developmental plasticity or de-differentiation is not the same as reversion of the 
causal mutation itself, which is very unlikely to occur in cells of the originally mutated individual. It is 
unclear whether cellular reversion to a somatic fate is feasible for the germ line, leaving multiple FGCs 
as the most likely explanation for the combined germ line and somatic mosaicism scenario. Other 
mutational events which could give rise to the observed pattern of combined somatic and germ line 
mosacism, in the presence of germ line clonality, include the same precise mutation arising independently 
in two different embryonic cells precursor to either the germ line or soma, or the precise reversion of a 
single mutation in some descendants of the original cell in which it arose. Recurrent mutation, and 
reversion events have been observed in different individuals in the entire human population, but the 
substantial number of examples of combined mosaicism reported here, in multiple genetic disorders, 
makes these multiple mutation scenarios occurring repeatedly in single individuals, exceedingly unlikely. 
Non-clonality of the germ line is a much more likely interpretation of the observations. 

7. Use of High Throughput Sequencing for Developmental Lineage Studies in Humans 

The theory behind this approach to analyze developmental cell specification is not specific to the 
germ line. Post-zygotic new mutations provide cell markers that can be used to trace lineages for any 
tissue [17]. In a recent example, mosaicism of a GNAS1 mutation in a patient with McCune-Albright 
syndrome was documented in multiple tissues, both somatic and testicular [91]. Much recent work in 
cancer genomics employs next-generation sequencing to study tumour clonality, although that work is 
beyond the scope of this review. The difficulty of identifying embryonic mutations in the absence of a 
medical ascertainment means that large numbers of individuals (presumably post-mortem) would have 
to be sequenced to high coverage in multiple tissue types in order to identify and study the lineage 
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patterns of such mutations. This approach has been demonstrated in mice, using whole genome sequencing 
of 25 different clonal cell lines originating from four different tissues of healthy animals [92]. 35 somatic, 
likely early embryonic mutations were identified and could be used to develop cell lineages in some 
cases pre-dating separation of the three germ layers during gastrulation. A somatic mutation rate of 1–2 
substitutions per cell division was also determined, at least during embryogenesis. This rate seems higher 
than expected given the small number of observed genomic substitutions between monozygotic human 
twins; possibly the human studies suffer from a systematic bias against mutation detection given the 
technology and informatics approaches currently available. Developmental lineage studies are also being 
explored in humans, particularly in a medical context [93]. 

8. Conclusions 

Genetic mosaics provide information about cellular lineages that is otherwise difficult to obtain, 
especially in humans. De novo mutations act as cell markers, allowing the tracing of developmental 
trajectories of all descendants of the cell in which the new mutation arises. Here we review the medical 
genetics literature and document many examples of simultaneous mosaicism for point mutations in both 
the some and germ line of individuals (typically the parents of medically ascertained probands). The 
most likely interpretation of these observations is that the human germ line is not clonal, i.e. adult mitotic 
germ line cells derive from multiple embryonic precursors, at least some of whom also have somatic cell 
descendants. This is consistent with mouse embryonic histological studies, and has important implications 
for human germ line development and also for medical geneticists attempting to estimate familial 
recurrence risks for genetic disorders. Rates of post-fertilization mutation are low, but with the advent 
of next-generation sequencing it should be possible to study similar lineage relationships among human 
tissues and organs without a preliminary medical ascertainment, by resequencing genomes of multiple 
tissue types from multiple individuals. 
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