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INTRODUCTION 

The discovery of phenotypically abnormal individuals is interesting' to the 
casual observer and the trained geneticist alike. The isolation and breeding 
studies of such mutants lie at the very basis of genetic analysis. Even more 
interesting is the rare occurrence of individuals with an apparent mixture of 
phenotypes. Such variegated phenotypes may be of genetic origin as the result 
of mutations that are expressed per se as a variegated phenotype, functional 
mosaicism due to heterozygosity for an X-linked trait in mammals, or genetic 
mosaicism. Genetic mosaics arc multicellular organisms comprised of cells of 
different genotypes. Mosaics may arise by the development of indi viduals from 
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28 FAVOR & NEUHAuSER-KLAUS 

more than a single fertilization event (designated chimeras) or due to the 

fixation of a mutation following fertilization that is inherited in a fraction of 

the cells of an organism. Presumed genetic mosaics usually have been identi­

fied as individuals expressing a variegated phenotype. Confirmation of mosa­

icism has required breeding studies and, therefore, involvement of the germ 

cells. However, the recent advances in molecular biological techniques now 
allow direct genotyping of even a small number of cells. 

Genetic mosaicism has been widely documented (119). The mouse is an 

ideal laboratory organism with which to study genetic mosaics since a large 
number of coat-color loci have been identified and genotypically characterized 
(77, 117) that allow an immediate identification of variegated phenotype. In 

this review we consider the occurrence of genetic mosaics in the mouse due 

to mutation and identify parallel situations in humans. 

DEVELOPMENTAL CONSIDERATIONS 

For our purposes ontogenetic development may be considered a unidirectional 

branching process consisting of cellular differentiation, proliferation, and mi­
gration. Given the occurrence of a mutation during the development of a 
multicellular organism, the variety and number of organs, tissues, and cells 

that eventually carry the mutation will depend upon the developmental stage 
and cell lineage in which the original mutation was fixed. 

During the early stages of mouse development, the inner cell mass appears 
as an aggregation of cells at the 32-cell stage blastocyst. The number of cells 
from the inner cell mass that contribute to the development of the embryo has 
been estimated to be as small as three (42, 80, 85). Coat-pigmentation cells 

develop from 34 primordial melanoblasts (84) derived [rom the neural crest 
and are of ectodermal origin. The pigment-producing cells (melanocytes) of 

the hair follicles covering the body result from the clonal expansion and 

medio-Iateral migration of the primordial melanoblasts, which takes place 
between days 8 and 12 of gestation (99). The germ cells develop from a 

considerably smaller population of primordial cells, estimated to be between 
two and nine (85, 102, 112) of endodermal origin. These cells mitotically 
divide and migrate to the genital ridges between days 9 to 12 of gestation. In 

males, the primordial germ cells continue to multiply by mitotic division. At 
sexual maturity spermatogenesis consists of a population of stem cell sper­
matogonia, which continue to divide mitotically. This results in constant stem 
cell renewal, as well as the continual differentiation of a subpopulation of 

differentiating spermatogonia that are committed to pass through meiosis and 
the physiological and morphological differentiation associated with spermio­

genesis. The duration and characterization of the various stages of spermato­
genesis are given in Table 1. In female embryos, primordial germ cells continue 
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GENETIC MOSAICS 29 

Table 1 Characterization of the spennatogenic stages of the mouse" 

Stage 

Stem cell spennatogonia 

Differentiating spermatogonia 

Spermatocytes 

Early spermatids 

Late spermatids 

Spermatozoa 

"Adapted from (87,93,113). 

Days to 

fertilization 

>42 
42-36 
35-22 
21-15 
14- 8 

7- 0 

DNA 

synthesis DNA repair 

+ + 

+ + 

+ 

+ 

to multiply by mitotic division, enter meiosis, and proceed to the oocyte stage. 
Those oogonia that fail to enter into meiosis degenerate. By the first week 
after birth, all oocytes attain the dictyate stage in which they remain until the 
ovulation process is initiated. The differences of the dynamics of gametogen­
esis in males and females have profound effects for the occurrence of gonadal 
mosaics: Spermatogenesis proceeds from a stem cell population, capable of 
cell renewal and clonal expansion even in an adult. By contrast, in females 
clonal expansion of germ cells is only confined to the short period of mitotic 
division of primordial germ cells and oogonia during embryonic development. 

MOUSE MUTAGENESIS STUDIES 

Since the development of the specific locus mutation methods in the mouse 
(108), the occurrence and nature of spontaneous and induced mutations at six 
coat-color loci (a, agouti; b, brown; c, albino; d, dilute; p, pink-eyed dilution; 
s, piebald) and one locus controlling the size of the external ear (se, short-ear) 
of the mouse have been intensively studied. Treated or control homozygous 
wild-type mice are mated to untreated homozygous recessive test-stock mice. 
Offspring are expected to be heterozygous at all marker loci and to express 
the wild-type phenotype. In the event of a mutation of the wild-type allele at 
a marker locus, the mutant offspring will be identified by the characteristic 
phenotype for the locus involved. Experiments have been carried out with 
single, acute mutagenic treatments, and the time interval between treatment 
and fertilization noted. When mutant offspring wcre recovered, the time inter­
val between treatment and fertilization may be used to determine the gameto­
genic stage in which a mutation was induced. We may distinguish two types 
of genetic mosaicism pertinent to such studies: The occurrence of a mutation 
in the tissues, including the germ cells, of a treated individual is, by definition, 
a mosaic unless the mutation is eliminated. The second and more interesting 
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30 FAVOR & NEUHAUSER-KLAUS 

case is the occurrence of fractional mutations in offspring of treated or control 
mice. 

Induced Gonadal Mosaicism 

The mutagenic effectiveness of radiation and a number of chemicals in germ 
cells of the mouse has been studied with the specific locus method (107, 110). 
The stem cell spermatogonia have been intensively studied since induced 
mutations in this germ cell stage would be expected to persist in an exposed 
individual. Thus, the genetic risk would accrue due to the exposure to agents 
mutagenically active in stem cell spermatogonia during the lifetime of an 
individual. By contrast, mutations induced in all later spermatogenic stages do 
not persist but are eliminated as spermatogenesis progresses. Table 2 presents 
representative specific locus data in stem cell spermatogonia from our labora­
tory. Radiation, methylnitrosourea (MNU), and ethylnitrosourea (ENU) all 
increase the mutation rate in stem cell spermatogonia. Ethyl methane sulfonate 
(EMS) is ineffective in stem cell spermatogonia but effective in inducing 
mutations in the late spermatid and early spermatozoa stages. If mutations 
induced in stem cell spermatogonia persist as gonadal mosaics, then the oc­
currence of repeat mutants recovered in the offspring from a single treated 
parental male should be expected. The probability of recovering repeat mu­
tants, referred to as clusters, depends upon the fraction of the spermatogonial 
stem cells carrying the mutation and the number of offspring sampled per 
treated male. Table 2 also indicates the occurrence of clusters: In the 2 x 80 
mg per kg ENU experiment a cluster of two was observed for mutations at the 
a and the d loci. In the 160 mg per kg ENU experiment one cluster of two at 
the b locus and two clusters of two each at the c and the d loci were observed. 
For the results following 250 mg per kg ENU treatment, three clusters of two 
mutations each at the d locus, two clusters of two mutations each at the p locus, 
and one cluster of two mutations at the s locus were recovered. In addition, 
one cluster of six mutations at the s locus and one cluster of two mutations at 
the se locus were recovered in the offspring of untreated control males. A male 
with more than a single offspring carrying a mutation at a particular locus is 
assumed to be a gonadal mosaic resulting from a single mutational event. 
Alternatively, one may consider the observation to be the result of two or more 
independent mutational events at the same locus in a single parental male. The 
probability that two independent mutational events at the same locus were 
recovered from a single male may be calculated as a binomial expansion given 
the appropriate parameters. This probability is extremely low. Even for the 
highest mutation rate observed, 16/9,766 (d locus; 250 mg per kg ENU) in 
which 89 offspring were screened per treated parental male, the probability of 
observing two independent d mutations in descendants of the same male is 9 
x 10-3. Thus, the assumption that clustered mutations in offspring of a treated 
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GENETIC MOSAICS 31 

male represent a single mutational event is probably correct. The fraction of 
the spermatogonial stem cell population carrying the newly induced mutation 
may be calculated as twice the frequency of mutant individuals observed in 
the offspring of a treated male, since the induced mutations are carried as 
heterozygotes in the affected cells. For the clusters observed in the ENU 
experiments, the fraction of stem cell spermatogonia carrying the mutations 
ranges between 4 and 12%. This fraction is quite high and due to the fact that 
such mutagenic treatments are often associated with cell killing of a portion 
of the stem cell spermatogonia with subsequent repopulation by clonal expan­
sion of the surviving cells. Indeed, evidence of stem cell spermatogonia killing 
has been observed as an induced sterile period (15, 20, 32, 81, 94, 95). In the 
data presented in Table 2 the mean length of the sterile period due to stem cell 
killing ranged from 9 (EMS) to 107 days (ENU). Based on the assumption 
that mutant clusters represent the clonal expansion of a single stem cell carrying 
the induced mutation, the total number of surviving stem cell spermatogonia 
following mutagenic treatment of parental males in which clusters were ob­
served may be estimated as the reciprocal of the fraction of stem cell sper­
matogonia carrying the mutation. This value ranges from 8 to 25 cells in the 
ENU experimental results. For the large cluster observed in the control, it may 
be assumed that the mutation occurred early in the development of the germ 
line when approximately five primordial germ cells were present. The results 
of Carter (13, 14) and Selby (114, 115) should also be noted, in which mice 
were irradiated in embryonic, newborn, or early postnatal stages and clustering 

Table 2 Specific locus mutations in stem cell spermatogonia of the mouse 

Group Offspring Mutationsb 

Control 248 413 22 (16) 

2 x 3 Gy 18 139 29 

MNU 70 21 981 6 

ENU 40 II 410 3 

ENU 80 13 274 20 

ENU 2 x 80 17 665 62 (60) 

ENU 160 22 332 89 (84) 

ENU 250 9 766 64 (58) 

EMS 175 16 809 0 

EMS 250 11 372 2 

Mean sterile 
period (days) 

33.2 

24.R 

18.6 

23.6 

44.3 

51.2 

106.7 

8.8 

8.8 

Cluster eventsC 

I x 6 (55), I x 2 (l06) 

0 

0 

0 

0 

2x2(61,68) 

5 x 2 (65, 35, 33, 38, 76) 

6 x 2 (89, 55, 52, 67,29,38) 

0 

0 

'Data sources: Control (28); 2 x 3 Gy (48); MND (} I); END 40, 80, 160,250 (25); EN\,! 2 x 80 (38); EMS 
(29); as well as unpublished data from our laboratory. 

b Independent mutational events given in parentheses 
C The total number of offspring screened per parental male in matings in which clustered mutational events 

were observed is given in parentheses. 
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32 FAVOR & NEUHAUSER-KLAUS 

was observed, presumably due to the occurrence of mutations during the 
mitotic proliferation phase of germ cell development. 

Fractional Mutants 

Fractional mutants are gonosomic mosaics, which presumably arise as the 
result of mutation fixation at an early stage of ontogenesis. Employing the 
specific locus mutation test methods, fractional mutants may be identified at 
five (a, b, c, d, p) of the seven loci screened. Fractional mutants are identified 
by the expression of a variegated phenotype representing subpopulations of 
cells either heterozygous or homozygous recessive at a marker locus. They 
may be genetically confirmed by the segregation of an induced mutant allele 
distinguishable from the marker allele at the locus in question or by a distortion 
in the expected Mendelian segregation when the induced mutant allele is 
indistinguishable from the recessive marker allele. The occurrence of fractional 
mutants associated with mutagenic treatment of parental animals implies that 
the induced DNA adduct is confined to a single strand within the germ cell 
and is eventually fixed as a mutation following fertilization and mitotic division 
in the zygote. Russell (102, 103) has reviewed extensive results in the mouse 
for radiation. Although fractional mutants were observed there was no increase 
in the frequency of fractional mutants due to irradiation as compared to the 
frequency in control populations. It may be concluded that the DNA lesions 
associated with irradiation that are fixed as mutations are not confined to a 
single strand of DNA. By contrast, chemical mutagens act via the formation 
of specific DNA adducts that for monofunctional agents should be confined 
to a single DNA strand. The induction offractional mouse mutants was recently 
demonstrated for ENU (37, 39, 75). These observations parallel the results of 
Auerbach (3) in Drosophila in which mutagenic treatment was confined to the 
post-spermatogonial stages. Thus, the chemically induced DNA adducts oc­
curred in germ cell stages incapable of DNA repair in which the next round 
of DNA replication takes place after fertilization. Table 3 extends our original 
observations to include the occurrence in the mouse of specific locus fractional 
mutations in spermatogonia as well as post-stem cell spermatogonial germ cell 
stages for mutagenic treatment with MNU, ENU, methyl methane sulfonate 
(MMS), EMS, and diethyl sulfate (DES). These results indicate the induction 
of fractional mutants to be mainly confined to the post-spermatogonial germ 
cell stages in accordance with our previous results and the initial results of 
Auerbach. The frequency of fractional mutants following mutagenic treatment 
of post-stem cell spermatogonial stages depends upon the chemical mutagen. 
ENU-induced mutations in post-stem cell spermatogonial stages are recovered 
almost exclusively as fractional mutants (eleven fractionals: one whole body). 
By contrast, the ratio of fractional to whole body mutants in offspring of treated 
post-stcm ccll spcrmatogonial stages for MNU, MMS, EMS and DES is 3:16, 
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GENETIC MOSAICS 33 

Table 3 Whole-body and fractional specific-locus mutations in the mouse 

Germ cell Mutations 
Group' stageb Offspring Whole-body Fractionals 

Control 248 413 22 (16) 
2 x 3 Gy pg 1 127 1 0 

g 18 139 29 0 
MNU 70 pg 16, 207 16 3 

g 21 981 6 0 
ENU 40 pg 5 028 0 

g 11 410 3 1 
ENU 80 pg 4660 0 0 

g 13 274 20 1 
ENU2x80 pg 4230 1 2 

g 17 665 62 (60) 0 

ENU 160 pg 9 958 0 5 

g 22 332 89 (84) 0 
ENU 250 pg 3 360 0 3 

g 9766 64 (58) 
MMS 20-60 pg 56 206 23 1 

EMS 100-250 pg 54390 16 2 
EMS 175, 250 g 28 181 2 0 
DES 200, 300 pg 32614 8 1 
DES 200 g 13 551 0 0 

• Sources of data as given in Table 2 as well as MMS (30); DES (27). 
bpg = post-stem cell spermatogonia; g = stem cell spermatogonia. 

1:23, 2:16, and 1:8, respectively. These differences are probably due to the 
specificity of DNA adducts induced by the different mutagenic compounds. 
The frequency of fractional mutants from chemical mutagen treatment of 
spermatogonia should be noted. The overall frequency of fractional mutants 
in experimental offspring derived from ENU-treated spermatogonia is 
3174,447, which is ten times the frequency of fractional mutants observed in 
the historical control of Neuherberg. It appears that MND is more effective in 
inducing fractional mutants in differentiating spermatogonia (23 times the 
control frequency). The mutagens MMS, EMS, and DES are not effective in 
inducing mutations, fractional or whole-body, in spermatogonia. 

Table 4 includes information regarding the mutant alleles recovered as 
fractional mutants, the time interval between mutagenic treatment and the 
fertilization event leading to offspring carrying fractional mutants, as well as 
genetic confirmation results of the presumed fractional mutants. The fractional 
d,se double mutation recovered in the 80 mg per kg END treatment group is 
not likely induced and will not be considered further, since ENU induces 
almost exclusively point mutations. Of the remaining fractional mutants, most 
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34 FA VOR & NEUHAUSER-KLAUS 

(14) were recovered within 15 days after mutagenic treatment and represent 
mutational events due to MNU, ENU, MMS, EMS, or DES treatment. These 
mutations correspond to the fixation following fertilization of DNA adducts 
induced in germ cell stages that are incapable of DNA repair and that do not 
undergo DNA replication (Table 1). Two fractional mutants were recovered 
between 16 and 27 days following mutagenic treatment with ENU or EMS. 
The DNA adducts eventually fixed as mutations for these mutants were in­
duced and persisted for a time in germ cell stages capable of DNA repair 
(Table 1). A final group of four fractional mutants occurred between 37 and 
141 days following mutagenic treatment with MNU or ENU. These mutations 
resulted from DNA adducts that persisted through germ cell stages capable of 
DNA repair and that survived a number of rounds of DNA replication before 
eventually being fixed as mutations (Table 1). The observation that fractional 
mutations may be induced in earlier spermatogenic stages capable of DNA 
rcplication and/or DNA repair would imply that the DNA adducts eventually 
fixed as mutations are not efficiently repaired and do not always template a 
base-pair substitution at replication. The fraction of the germ cell popUlation 
in the fractional mutants may estimate the timing of mutation fixation follow­
ing fertilization. The calculation has been explained in detail (39). Briefly, for 
induced mutant alleles distinguishable from the recessive marker allele at a 
locus, the fraction of germ cells carrying the newly induced mutation may be 
estimated as: 2 x (Offspring carrying newly induced alleletrotal offspring). 
For induced mutant alleles indistinguishable from the recessive marker allele, 
the calculation of the fraction of germ cells carrying the ncwly induced allele 
is calculated as: 2 x ([Homozygous recessive offspringtrotal offspring] - 0.5) 
The estimates of the fraction of germ cells carrying the newly induced muta­
tions in fractional mutants ranged from 13 to 107%, with a mean of 49.1 %, 

indicating that the DNA adducts were fixed as mutations during the first round 
of DNA replication following fertilization and were inherited in one of the 
two daughter cells after the first cleavage division. Russell (102, 103) came 
to the same conclusion for the occurrence of spontaneous fractional mutants. 

Finally, note that fractional mutants have been recovered in ENU experi­
ments at specific loci in which oocytes were treated (26), as well as at additional 
genetic endpoints including dominant cataract mutations (39), enzyme elec­
trophoretic variants (75) and enzyme activity mutations (W Pretsch, personal 
communication). 

Mutagenic Treatment of Zygotes 

Mutagenesis studies in the mouse were first extended by Generoso to include 
mutation induction in the early zygote stages (44, 45). The mutagens employed 
included ENU, EMS, ethylene oxide (EtO), and triethylenemelamine (TEM). 
Resultant embryos were examined in utero at the 17-day gestation stage. The 
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Table 4 Specific-locus fractional mutations in the mouse 

Test cross % Germ cells 
Mutant carrying induced 

Groupa Allele Dayb Recessive Wildtype allele mutations' 

Control d,se 239 25 5 
MNU 70 c 9 32 (cch) 2 23 81 

a 37 66 9 76 

dl 38 7 (d,se) 5 4 50 
ENU 40 dl 12 (d,se) I 15 107 

pd 141 33 24 5 16 
ENU 80 d,se 117 66 (d,se) 9 
ENU2x80 pd 34 (p) 19 12 37 

p 27 61 19 53 

ENU 160 P 2 51 29 28 

P 10 47 10 65 

p 2 91 29 52 

c 12 22 (cch) 3 20 88 

d 15 31 (d,se) 34 9 24 

ENU 250 pd 1 51 (p) 17 21 47 

d 1 18 (d,se) 12 2 13 

p 3 26 9 49 
dl 87 15 (d,se) 9 6 40 

MMS 60 dl 15 13 (d,se) 16 3 19 
EMS 100 c 14 60 (CCh) 43 19 31 
EMS 175 dl 16 25 (d,se) 5 12 57 
DES 200 pd 5 15 (p) 13 9 49 

a Sources of data as in Tables 2 and 3. 
b Interval between treatment and conception. See Table I for the duration of the spermatogenic 

stages. 
'For induced mutant alleles distinguishable from the recessive marker allele, calculated as: 2 X 

(Offspring carrying newly induced allele/Total offspring) For induced mutant alleles indistinguishable 
from the recessive marker allele, calculated as: 2 X ([Homozygous recessive offspringrrotal offspring] 
-0.5) 

mutagenic effects observed ranged from death of conceptuses prior to or 
around the time of implantation, misdifferentiation in later developmental 
stages incompatible with embryo survival, and developmental abnormalities 
in the surviving embryos. The spectrum of mutagenic effects observed was 
mutagen-specific. These experiments identified the early zygotic stages to be 
extremely sensitive to the effects of mutagenic agents, with profound im­
plications for the human situation. Further, the concept of teratological effects 
of chemical mutagens acting via the fixation of induced mutations in very 
early developmental stages was proposed. 

Russell, Bangham, Stelzner, et al (104) employed the mouse-specific locus 
method to determine if the early zygotic stages of the mouse were also sensitive 
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36 FAVOR & NEUHAuSER-KLAUS 

to the induction of coat color mutations by ENU. Indeed, a high frequency of 
recessive specific-locus mutations was observed. In comparison to the ob­
served mutation rate following ENU treatment of stem cell spermatogonia, the 
mutation rate observed for ENU treatment 2.5-3 h post-mating was approxi­
mately ten times higher. The mutations recovered occurred mainly as fractional 
mutants (eight fractionals: three whole body). Genetic confirmation tests dem­
onstrated germ-line involvement and the average fraction of the germ line 
carrying the mutation was calculated to be approximately 50%. Thus, as for 
the occurrence of fractional mutants following treatment in the parental germ 
cells, treatment of early zygotic stages with ENU results in DNA adducts 
confined to a single DNA strand, which are fixed as a mutation at the next 
round of DNA replication. 

Induced Mutations in Somatic Cells 

Russell & Major (105) first developed an experimental protocol to screen for 
induced mutations in the somatic cells of treated embryos heterozygous at coat 
pigmentation loci. Although the presumed somatic mutations cannot be genet­
ically confirmed, the pigmentation spots presumed to represent the clonal 
expansion of mutations induced in the melanoblasts have been classified as 
genetically relevant, based upon the coloration and position of the spot on the 
body (33, 105). Fahrig & Neuhauser-Klaus (36) have examined the hairs taken 
from genetically relevant spots and confirmed that such hairs are phenotypi­
cally identical with hairs from mice of the genotype suspected at the pigmen­
tation spot. 

Thc frcquency and size of the induced pigmentation spots follows the 
expectations for the dynamics of mutation induction in a mitotically expanding 
target cell population (34, 106). For mutagenic treatment in earlier embryonic 
stages, the frequency of spots is reduced, but the average size of the induced 
spots is large. When the mutagenic treatment is applied at later embryonic 
stages, the frequency of mutant spots is increased and the average size of the 
pigmentation spots is decreased. 

SPONTANEOUS GENETIC MOSAICISM IN THE MOUSE 

Apart from the carefully controlled mutation studies at defined mouse pigmen­
tation loci with mutagenic treatments as outlined above, fractional mutants 
may and do occur spontaneously. Although the spontaneous occurrence of 
fractional mutants is a rare event, two interesting situations are considered in 
which the frequency of fractional mutants is relatively high: the occurrence of 
apparent reverse mutations in mice homozygous for genetically unstable mu­
tant alleles, and the loss of heterozygosity in mice resulting in the expression 
of the recessive phenotype in affected cells. 
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Unstable Alleles 

GENETIC MOSAICS 37 

A number of forward mutations in the mouse have been demonstrated to be 
genetically unstable (82, 102, 109, 120). The reversion events may occur at 
different times between gametogenesis in parental mice through the develop­
mental period of an individual leading to reverse mutations recovered as whole 
body mutants, gonosomic mosaics, or somatic mutation events. 

The a allele at the agouti locus has recently been molecularly characterized 
and shown to be due to an l1-kb insert in the first intron of the agouti gene 
resulting in a null allele (10, 83). The a allele is capable of mutating to a 
number of alternative alleles including at, N, and AW, in which there is partial 
or full restoration of gene function at the agouti locus. It is proposed that the 
reversion events are associated with alteration in the structure of the DNA 
insertion resulting in the a allele. Indeed, Bultman, Michaud & Woychik (10) 
have shown for an at mutation recovered in offspring of ala homozygotes that 
the DNA insert within the first intron is shortened to 5.5 kb. This particular 
mutational event as well as a number of additional mutational events at the 
agouti locus recovered in offspring of ala parental mice occurred as whole­
body mutants due to a mutation fixed in the parental germ cells or a very early 
stage in development of the mutant individual (50, 109). However, fractional 
mutants in mice of the expected genotype ala have also been recovered (50, 
101) and genetically confirmed, indicating that the reversion events may occur 
during mitosis in developmental stages of an individual. We have also recov­
ered a gonosomic mosaic mouse with patches of cells of the genotype AY/a or 
ala in inbred strain C57BLl6 (normally ala). Test crosses indicated the in­
volvement of the germ line and estimated 16% of the germ cells to carry the 
AY mutation; 3 AY/a and 35 ala offspring were recovered in the cross of the 
mosaic to ala (J Favor, unpublished data). 

The d" allele at the dilute locus carried by a number of standard strains of 
the laboratory mouse including strain DBN2 is due to the insertion of an 
ecotropic-specific retroviral sequence (Emv-3) in the vicinity of the dilute locus 
(65). Proviral sequences are known to excise, and reversion of the d' allele is 
associated with excision of the Emv-3 insertion (18, 59, 65). Most reversion 
events have been reported as germ-line excision events resulting in whole-body 
mutants. However, Seperack, Strobel, Corrow, et al (116) have demonstrated 
a gonosomic mosaic. Excision of the proviral sequence results in the loss of 
all but a single L TR and is proposed to be due to intrachromosomal recombi­
nation between the proviral LTRs (18,59, 116). Recombination may be more 
likely to occur in meiotic cells, which would explain the higher frequency of 
germ-line revertants as compared to reversions in the somatic cells. 

The pun allele at the pink-eyed dilution locus is the most unstable allele 
identified in the mouse that results in an observable phenotype. Reversion 
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often occurs and mutants are recovered as whole-body mutants or gonosomic 
mosaics (82, 111). Recent studies have shown the pun allele to be due to a 
large (>80 kb) tandem duplication (7, 8, 47), and reversion has been associated 
with loss of the duplicated sequences. Although flanking markers were not 
studied, the authors propose the mechanism of reversion to be unequal crossing 
over analogous to the Bar eye mutation of Drosophila ( 12 1). 

The pe allele at the pearl locus of the mouse is also unstable with a high 
frequency of reversion. Although the exact nature of the mutation is not yet 
known, the high rate of reversion of the pe allele has led Whitney & Lamoreux 
(124) to suggest that the forward mutation to pe may be the result of an insertion 
of a transposable element. Russell (102) has characterized reversion events in 
pe/pe homozygous mice. Both presumed somatic and gonosomic mutants have 
been recovered. The fraction of the coat expressing the pe+/pe phenotype in 
recovered mutants was shown to vary between 0. 1 and 100%. The involvement 
of the germ line was tested by genetic confirmation crosses. Many individuals 
with very low numbers of somatic cells expressing the pe+/pe phenotype were 
not gonadal mosaic for the reverse mutation, indicating that the reversion took 
place at a later stage in embryonic development. At the other extreme, indi­
viduals expressing the pe+ /pe coat color phenotype in almost 100% of the coat 
transmitted the pe+ allele at a high frequency. However, the results indicated 
that the individuals were gonadal mosaics for the pe+ mutation and the reverse 
mutation must have occurred at a very early stage in development before the 
divergence of the germinal and somatic cell lineages. Few intermediate phe­
notypes were recovered, suggesting that reversion events took place either very 
early in development at approximately the two-cell stage zygote or at about 
the 10-day post-conception embryo. No whole-body pe+/pe heterozygotes 
indicative of reversion in the parental germ cells were reported. 

The cukaryotic genome including the mouse (22) is replete with amplified 
short nucleotide repeat sequences (53, 63, 118). Such sequences, referred to 
as mini satellites or variable number tandem repeats, consist of short base-pair 
elements tandemly duplicated to form reiterated arrays up to 20 kb long (56). 
To date minisatellites have not been associated with mutation of genes but 
normally reside in noncoding DNA sequences of the genome. Characterizing 
mice at the DNA levcl it has been shown that some sequences, referred to as 
hypervariable regions, exhibit high somatic and germinal mutation rates. Kelly, 
Bulfield, Collick, et al (66) have estimated the germinal and somatic mutation 
rate at the Ms6-hm allele on mouse chromosome 4 to be 2.5 and 2.8%, 
respectively. Three mosaic mutants were genetically tested and germ-line 
involvement was demonstrated. The percentage of somatic cells carrying the 
new mutations ranged from 15 to 40%, with approximately 5 to 40% germ-line' 
involvement. Dallas (19) has estimated the germ-line mutation rates at three 
loci (Ckmm, CypJa2, and Clap) to be between 10-2 and 10-4. Finally, in 
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transmISSIon studies of parental and offspring mice, Dubrova, Jeffreys & 
Malashenko (23) have estimated the germ-line mutation rate at the Hm-2 locus 
to be 8.5 x 10-3• Gonadal mosaicism in parental mice was inferred from 
clustered mutations recovered as repeats in offspring of a single mating in 
which the somatic cells of the parental mice were not affected. All of the above 
studies indicate the mutation rates in germ cells at hypervariable regions to be 
approximately three orders of magnitude higher than the mutation rates ob­
served at visible loci in the mouse. Gibbs, Collick, Kelly & Jeffreys (46) have 
determined more precisely the timing of the mutational events at the Hm-2 
locus. They have confirmed the high germinal (3.5%) and somatic mutation 
rates and demonstrated the occurrence of gonosomic mosaic mutants. Further, 
by examining embryonic and extraembryonic tissues of early developmental 
stages they have determined that a significant proportion of the Hm-2 mutations 
arise within the first few cleavage divisions following fertilization. 

Mitotic Crossing Over 

The generation of mouse mosaics with patches expressing the recessive phe­
notype in normally heterozygous individuals may be due to a number of 
mechanisms including mutation of the dominant allele, gene conversion, chro­
mosomal nondisjunction, and mitotic recombination. Additional data are re­
quired to distinguish among the proposed mechanisms. Mitotic recombination 
has been implied in a number of studies (12, 43, 50, 98). A case for mitotic 
crossing over may be made if the reciprocal crossover products can be iden­
tified. Tn fact, twin spots in heterozygous mice have been identified, presum­
ably representing adjacent clones from the daughter cells following a mitotic 
recombination event in which the alternative homozygous cell types are phe­
notypically distinguishable from each other as well as from the heterozygous 
state. Russell (102) and Bateman (6) have both observed twin spotting of the 
sort de; c:h/ech, which arose in e/cch heterozygotes. Fahrig (35) has reported 
mosaic mice with twin spots of the genotype p_ech/p_cch; +-+1+-+, which arose 
in p_cch/+_+ animals. Fisher, Stephenson & West (40) have recovered a mouse 
with the twin spot p-+/p-+; +-d+-e in a mouse of the genotype p-+/+-e. In 
all cases mitotic recombination between the marker alleles and the centromere 
could explain the observations. The authors have estimated the occurrence of 
twin spotting to be low. Other, more complicated events could also explain 
the generation of twin spots in these studies. A definitive proof of the occur­
rence of mitotic recombination would require genotyping of the affected cells, 
which now may be possible with the use of sensitive molecular techniques. 

HUMAN GENETIC STUDIES 

Recently, there has been a virtual explosion in the literature of documented 
cases of genetic mosaicism in humans. Although confirmation of presumed 
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genetic mosaicism in earlier studies was restricted by low kindred numbers 
and often a lack of informative genotypes for segregation analyses, recent 
studies have profited from molecular techniques, which allow direct identifi­
cation of the mutant alleles and their segregation. The generation and occur­
rence of genetic mosaicism in humans closely parallels the situation in the 
mouse. Although an extensive survey of the human genetic literature on mo­
saicism goes beyond the scope of this review, some major aspects should be 
discussed briefly. 

Gonosomic Mosaicism 

In extensive reviews, Hall (52) and Mohrenweiser (86) have noted that a 
substantial portion of newly occurring mutations in humans arise as gonadal 
mosaics. These observations raise the question whether mitotic cells are more 
sensitive than meiotic cells to the occurrence of mutation. Further, such find­
ings have profound implications on genetic counseling (11, 52, 61, 89, 125), 
where a recurrence risk exists in subsequent sibs of an apparent de novo mutant 
proband if the mutation is present as a gonadal mosaic in a parent. This situation 
is most extreme for the observation of recurrence of dominant lethal mutations 
among sibs of gonadal mosaic, unaffected parents (16, 54, 55). Finally, upon 
identification of suspect mosaicism in parents due to the recurrence of de novo 
mutations in offspring, a careful examination at the phenotypic or molecular 
level may identify somatic mosaicism as a less severe phenotype or a portion 
of cells carrying the mutant alleles in a parent (5, l 7, 49, 51, 52, 123, 126). 
Identification of identical mutations at the DNA level transmitted to more than 
a single offspring from unaffected parents in a family also provides evidence 
for the existence of parental gonadal mosaicism (4, 5, 49, 72, 123). 

Unstable Alleles 

There are interesting data indicating the existence of potentially unstable alleles 
in humans. Partial gene duplications have been demonstrated for a number of 
germ-line mutations (21, 57, 58, 73, 74, 79, 88, 91) and reversion has been 
demonstrated (128). A germ-line mutation at the neurofibromatosis type I locus 
is due to the insertion of a transposable Alu sequence within an intron (122) 
and this mutation could conceivably be unstable via excision of the Alu inser­
tion. Rare patches of presumably revertant cells in Duchenne muscular dys­
trophy patients are due to second-site mutations (67). The occurrence of such 
"revertants" must be dependent on the original forward mutation and whether 
it is capable of restoration by a second-site mutation. The existence of hyper­
variable mini satellite regions in human DNA is also well documented (62, 63, 
92) and high gonadal (64) and somatic (2) mutation rates have been deter­
mined. Finally, MUller & Scott (90) have reviewed the human genetic literature 
for those hereditary conditions in which loss of heterozygosity in somatic cells 
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via chromosomal nondisjunction, mutation, gene conversion, or mitotic recom­
bination may be important. 

One of the most remarkable recent discoveries by far has been the associ­
ation of mutations with amplified trinucleotide repeat sequences. To date six 
diseases have been associated with unstable expansion of trinucleotide repeats; 
fragile X (41, 68), spinal and bulbar muscular atrophy (70), myotonic dystro­
phy (9), Huntington's disease (24), spinocerebellar ataxia 1 (96), and dentato­
rubral-pallidoluysian atrophy (69). In all cases these diseases show a relatively 
high mutation rate as well as earlier age of onset and increased severity of the 
phenotype in successive generations as the amplified sequences expand. The 
instability of the amplified sequences has been studied in both germ-line and 
somatic cells (1, 41, 60, 69, 71, 78, 96, 100, 127, 129, 130), and there are 
differences in the relative somatic and germ-line instability of the different 
diseases. The mouse homolog of the Huntington disease gene has recently 
been identified. The trinucleotide sequence associated with expansion was 
shown to be conserved and as in humans amplified (75a). 

CONCLUSIONS 

This review has documented and clarified the mechanisms involved in the 
occurrence of genetic mosaicism in the mouse. As new methodologies become 
available to study these phenomena, e.g. DNA methods when an involved gene 
has been cloned, our understanding of the mechanisms will increase. We may 
anticipate a more accurate documentation of the occurrence of genetic mosa­
icism and probably the identification of mechanisms to explain the OCCUrrence 
of mosaicism dependent upon particular loci or alleles. The parallels between 
mouse and man concerning genetic mosaics are striking. Mouse homologs of 
human genes associated with amplified trinucleotide repeat sequences have 
been identified, and we may foresee an intensive study of this phenomenon in 
the mouse. We would like to close with an apology. We have relied mostly 
upon specific locus mutation results from Neuherberg so that we could incor­
porate previously unpublished data. Clustered mutations indicative of gonadal 
mosaicism also have heen reported from Oak Ridge and MRC-Harwell. Fi­
nally, we have limited the scope of this review to genetic mosaicism due to 
mutational events. The exciting areas of research concerning functional mo­
saicism (76) and the production and study of chimeras (97) had to be totally 
excluded from consideration. 
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