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ABSTRACT

Genetically based diseases constitute a major human health
burden, and de novo germline mutations represent a source of
heritable genetic alterations that can cause such disorders in
offspring. The availability of transgenic rodent systems with
recoverable, mutation reporter genes has been used to assess the
occurrence of spontaneous point mutations in germline cells.
Previous studies using the lacI mutation reporter transgenic
mouse system showed that the frequency of spontaneous
mutations is significantly lower in advanced male germ cells
than in somatic cell types from the same individuals. Here we
used this same mutation reporter transgene system to show that
female germ cells also display a mutation frequency that is lower
than that in corresponding somatic cells and similar to that seen
in male germ cells, indicating this is a common feature of germ
cells in both sexes. In addition, we showed that statistically
significant differences in mutation frequencies are evident
between germ cells and somatic cells in both sexes as early as
mid-fetal stages in the mouse. Finally, a comparison of the
mutation frequency in a general population of early type A
spermatogonia with that in a population enriched for Thy-1-
positive spermatogonia suggests there is heterogeneity among
the early spermatogonial population such that a subset of these
cells are predestined to form true spermatogonial stem cells.
Taken together, these results support the disposable soma
theory, which posits that genetic integrity is normally main-
tained more stringently in the germ line than in the soma and
suggests that this is achieved by minimizing the initial
occurrence of mutations in early germline cells and their
subsequent gametogenic progeny relative to that in somatic
cells.

mutations, oogenesis, spermatogenesis, spermatogonial stem cells

INTRODUCTION

In mammals and other sexually reproducing species, the
primary function of the gametes is to transmit genetic

information from parents to their offspring so that this
information can direct the formation of a new individual
following fertilization. In 1977, TB Kirkwood proposed the
‘‘disposable soma theory,’’ which suggests that because germ
cells give rise to the entire subsequent generation of
individuals, it is evolutionarily advantageous for these cells
to use mechanisms to maintain an enhanced level of genetic
integrity, even if this requires the expenditure of additional
energy [1]. That there is indeed a low frequency of spontaneous
mutations in mammalian germline cells was suggested by early
studies of mice [2, 3]. The specific locus test was used to
examine spontaneous and induced germline mutation frequen-
cies to evaluate the effects of suspected genotoxins [4–8].
These and related studies estimated the spontaneous mutation
frequencies for female and male germ cells to be approximately
1.4 3 10�6 and 6.6 3 10�6, respectively [9]. However, this
technique involved examining progeny for readily assessed
phenotypic deviation from expected frequencies of homozy-
gous recessive phenotypes encoded at multiple loci and was
therefore limited to data derived from offspring rather than
providing any sort of direct analysis of a specific cell type such
as germ cells. Additionally, the specific locus test could not be
used to determine mutation frequencies in somatic tissues,
which precluded using this method to assess differences in the
frequencies of mutations in germ cells and somatic cells,
respectively. Finally, this method provided an overall indica-
tion of the frequency of germline mutations and relied on the
timing of a genotoxic challenge to estimate developmental
stage-specific acquisition of spontaneous mutations during
gametogenesis.

An alternative approach to the assessment of frequency and
spectrum of point mutations in the mouse was facilitated by the
development of a novel transgenic reporter system termed the
‘‘Big Blue mouse’’ [10]. This system uses the prokaryotic lacI
gene as a mutation reporter transgene, which can be selectively
recovered from genomic DNA from any tissue or cell type as
part of a lambda shuttle vector and packaged into infectious
phage particles that can then be plated on Escherichia coli host
cells. Because the lacI gene encodes the repressor of the lac
operon, if the transgene has undergone a mutation while
resident in the mouse cells, the repressor will fail to inhibit
production of beta galactosidase in the E coli cells, and this can
be detected by a colorimetric assay upon addition of the correct
substrates to the plating medium [10–14]. This system
therefore facilitates a direct assessment of frequencies and
types of spontaneous point mutations in any cell type [10].

In a study published in 1998, Walter et al. [15] used the lacI
mutation reporter transgene system to show that the frequency
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of spontaneous mutations in postnatal male germ cells is 5- to
10-fold lower than that in developmentally matched somatic
cells from the same animal. Many studies have indicated that
germ cells and pluripotent cells use mechanisms to specifically
limit the initial occurrence of spontaneous point mutations
based on elevated levels of DNA repair pathways that
ameliorate most potentially mutagenic DNA damage [16–29].
These findings all support the disposable soma theory in that
they suggest that a more stringent mechanism to maintain
genetic integrity operating in germ cells or pluripotent cells
leads to a lower mutational load than that found in somatic cells
or differentiated cells, respectively. However, the disposable
soma theory predicts that genetic integrity will be more
stringently maintained in the germ lines of both males and
females, and there have been no direct studies of mutation
frequencies in female germ cells by using a mutation reporter
transgene. This is due largely to the fact that many fewer germ
cells can typically be recovered from female mice than from
male mice. However, we were able to recover populations of
primary oocytes at two developmental time points, one prenatal
at 15.5 days postcoitum (dpc) and one postnatal at 2–6 days
postpartum (dpp), in sufficient quantities to facilitate analysis
using the lacI mutation reporter transgene system. In addition,
we also recovered a population of type T1 prospermatogonia
[30, 31] from fetal male mice at 15.5 dpc so that we could
compare frequencies of mutations in male with those in female
germ cells at this stage and the extent to which these
frequencies differed from those in somatic cells from the same
fetuses. Finally, we determined the frequency of mutations in a
population of Thy1-positive (Thy-1þ) spermatogonia from
prepuberal male mice at 6 dpp, because the Thy1þ population
is known to be enriched for true spermatogonial stem cells
(SSCs).

Our results confirm that the disposable soma theory does
indeed apply to both sexes and that this is a fundamental
characteristic of the germ line that distinguishes it from the
soma during most of the life cycle, from as early as the mid-
fetal stages through adulthood. Furthermore, our results
provide a unique perspective on the development of SSCs,
suggesting that the early perinatal prospermatogonial and
spermatogonial populations are heterogeneous with respect to
the potential to form true SSCs and that the progenitors of these
cells appear to be predetermined at a very early stage.

MATERIALS AND METHODS

Animals

‘‘Big Blue’’ male and female mice homozygous for the lacI transgene on a
C57BL/6 background were obtained from Taconic Farms, Inc. (Hudson, NY)
and used for natural mating and as a source of male and female germ cells and
somatic tissues. All procedures involving animals were approved in advance by
the University of Texas at San Antonio Institutional Animal Care and Use
Committee. Following euthanasia, gonads were rapidly removed and used
immediately for germ cell separation procedures, and/or somatic tissues were
recovered and frozen in liquid nitrogen and stored at �808C until used for
genomic DNA isolation.

Preparation of Cells and Genomic DNA Isolation

Isolations of male and female germ cells were performed on a mini-Sta Put
2%–4% bovine serum albumen gradient at unit gravity as previously described
[32, 33]. Type T1 prospermatogonia were isolated from testes of 15.5 dpc male
mice, and primary oocytes were isolated from ovaries of 15.5 dpc and 2–6 dpp
female mice. The sex of each animal was determined on the basis of gonadal
morphology. Purities of populations of each recovered germ cell type were
�85%, based on cellular morphology as viewed with phase contrast
microscopy. Samples of purified germ cells were frozen in liquid nitrogen
and stored at �808C.

Enrichment for True Spermatogonial Stem Cells from Testes
of Male Mice at 6 dpp Based on Selection for Thy-1þ Cells

Testes were digested using 0.18 mg/ml trypsin plus 0.6 mg/ml DNase in
minimal essential media alpha medium at pH 7.4 for 10 min at 378C, fetal
bovine serum was added to 10% (v/v), and cells were dispersed by gentle
pipetting, centrifuged, resuspended in Hanks buffered salt solution and then
centrifuged thru 30% Percoll solution (Sigma, St. Louis, MO) in Dulbecco
phosphate buffered saline (DPBS) at 600 3 g for 7 min. Cells were resuspended
in DPBS and incubated with Thy-1 magnetic cell sorting (MACS) microbeads.
Thy-1þ cells were selectively recovered using MACS separation columns
(Miltenyi Biotec, Auburn, CA) and then snap frozen in liquid nitrogen and
stored at �808C. Importantly, it has previously been shown that Thy-1þ
spermatogonia are enriched for true SSCs as assessed by transplanting these
cells into recipient testes and monitoring subsequent spermatogenesis
emanating from the transplanted cells [34].

Preparation of Genomic DNA from Cell or Tissue Samples

We previously developed a miniaturized version of the standard protocol
for recovering high-molecular-weight genomic DNA from cell or tissue
samples carrying the lacI transgene [35], and we followed that method for
preparation of genomic DNA from germ cell and somatic tissue samples used
in this study. Approximately 700 000–2 000 000 cells of each germ cell type
were pooled for isolation of each genomic DNA sample. Male and female
somatic tissues were collected from both sexes at 15.5 dpc and from female
pups at 2–6 dpp, frozen in liquid nitrogen, and stored at�808C. Genomic DNA
was isolated from each germ cell population and from somatic tissues as
previously described [35, 36]. Frozen germ cells were resuspended in 50 ll of
ice-cold lysis buffer and pipetted up and down several times to lyse the cells
and liberate genomic DNA. For somatic tissues, 50 ll of ice-cold lysis buffer
was added to each 1-cm2 piece of tissue, and the mixture was transferred to a 2-
ml Kontes Dounce tissue homogenizer (Sigma) and carefully homogenized
approximately five times with each of two different sized plungers. The
homogenate was filtered through a 100-lm Millipore filter (Millipore, Billerica,
MA) fitted onto a 1.5-ml microcentrifuge tube. Germ cell or somatic cell
samples were then centrifuged at 13 200 rpm for 15 min at 48C, and the
supernatant was removed, and the pellet was resuspended in digestion buffer
containing RNace-it (Stratagene) and incubated at 508C for 5 min. Twenty
microliters of proteinase K solution was then added, and the sample was
incubated for approximately 1.5 h at 508C. Fifty microliters of 13 tris-EDTA
(TE) was then added to each sample, followed by drop dialysis using a 0.025-
lm Millipore dialysis membrane floating on 500 ml of 13 TE for 2 days at
room temperature.

Analysis of Mutation Frequency

The lambda shuttle vector containing the lacI mutation reporter was
selectively recovered from genomic DNA using Transpack packaging extract
(Stratagene/Agilent) according to the manufacturer’s instructions as previously
described [35, 36]. Packaged phage were mixed with SCS-8 E coli strain cells
(Stratagene/Agilent Technologies) and plated at �17 500 plaque-forming units
per 25 3 25 cm NZY agar (Stratagene/Agilent Technologies) assay tray.
Following incubation at 378C for 16–18 h, mutant plaques were identified by
their blue color, counted, cored, and replated on fresh 5-bromo-4-chloro-
indolyl-b-D-galactopyranoside/NZY plates to confirm and plaque-purify phage
displaying the lacI mutant phenotype. A representative portion of each plate
was counted and used to determine the total number of plaque-forming units
recovered from each packaging reaction. After adjustment for ‘‘clonal
mutations’’ (see explanation in Analysis of Mutation Types following), the
final mutation frequency was determined by dividing the number of confirmed,
independent (nonclonal) mutant plaques by the total number of plaque-forming
units screened.

Analysis of Mutation Types

DNA samples from isolated mutant phage were sent to the Center for
Biomedical Research DNA Sequencing Facility, University of Victoria,
Canada, for sequence analysis. In each case, a 15-ll aliquot of phage stock
(cored mutant plaque stored in suspension medium buffer) was used as
template for PCR amplification of a fragment spanning the lacI gene.
Numbering of base positions in the amplified sequence was in accordance with
that described by Farabaugh [37]. Amplification of each mutant phage was
initially performed using lacI AF and lacI AR primers to produce a 2114-base
pair (bp) ‘‘standard’’ PCR product (Table 1). However, several mutant phage
from the 2–6 dpp primary oocyte sample failed to amplify with this primer set
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and so were subjected to amplification with a second primer set that included
the lacI UP primer plus the previously used lacI AR downstream primer (Table
1). These primers, which would normally be expected to amplify a 3949-bp
product from the unmutated lambda shuttle vector transgene were able to
amplify a 2011-bp PCR product from mutants that carried a 1938-bp deletion
that ablated the binding site for the lacI AF primer, thereby explaining the
inability to amplify a product from these mutants by using the lacI AF and lacI
AR primers. As with other incidences of recovery of more than one mutant
plaque from the same original cell sample carrying the same mutation at the
same position in the transgene, this multiplicity was assumed to be caused by
clonal expansion of a single original mutation and so was scored as a single
mutation when we determined the mutation frequency in that cell sample
regardless of how many copies of the same mutant plaque were recovered, as
previously described [35, 36, 38–42].

Each PCR product was sequenced using a LI-COR Long ReadIR 4200
DNA sequencer to examine samples prepared by cycle sequencing using the
SequiTherm EXCEL II DNA Sequencing Kit-LC (Epicentre, Madison, WI)
according to the manufacturer’s instructions. The sequence was analyzed using
e-Seq version 3.0 base-calling software (LI-COR, Lincoln, NE) and SeqMan II
version 6.1 analysis software (DNAStar, Madison, WI). A comparison of the
lacI gene sequence in mutant phage with the wild-type lacI gene sequence
revealed and confirmed each individual mutation. Mutations were categorized
as transitions (pyrimidine-to-pyrimidine or purine-to-purine substitutions),
transversions (pyrimidine-to-purine substitutions or vice versa), insertions, or
deletions.

Statistical Analyses

Mutation frequency data were analyzed by a Poisson regression model with
parameter estimates obtained by the method of maximum likelihood [43].

Statistical tests of differences used the likelihood ratio test. All computations

were performed using SAS PROC GENMOD software (version 9.1; SAS

Institute, Cary, NC). Mutation type data were analyzed using a chi-square test

for independence [44]. Because of low expected frequencies, the exact P value

was calculated (using SAS version 9.1 software).

RESULTS

Mutation Frequencies in Germ Cells and Somatic Cells

To determine the spontaneous mutation frequencies for
female germ cells at two developmental stages, prenatal and
postnatal, we enriched primary oocytes from female mouse
fetuses at 15.5 dpc and from female pups at 2–6 dpp. We also
purified type T1 prospermatogonia from male fetuses at 15.5
dpc. For each sample, we determined the frequency of
mutations in the lacI reporter gene as described previously
[15, 35, 36]. The spontaneous mutation frequencies determined
for male and female germ cells at 15.5 dpc (0.99 3 10�5 and
0.82 3 10�5, respectively) were not significantly different from
one another (P ¼ 0.75) but were significantly lower than the
frequencies found in male and female somatic cells at this same
stage (2.82 3 10�5 and 2.91 3 10�5, respectively; P ¼ 0.05)
(Table 2). This suggests that the basic tenet of the disposable
soma theory, which predicts that germ cells are likely to
accumulate fewer spontaneous mutations than somatic cells, is

TABLE 1. Primers used for sequence analysis.

Function/primer Sequence

PCR amplification

2114-bp fragment

lacI AF (�285 to �259) 50-AACGCCTGGTATCTTTATAGTCCTGTC-3 0

lacI AR (1829 to 1808) 50-TCCAGATAACTGCCGTCACTCC-30

2011-bp fragment

lacI up (�2120 to �2101) 50-GAACCCTAAAGGGAGCCCC-30

lacI AR (1829 to 1808) 50-TCCAGATAACTGCCGTCACTCC-30

PCR product sequencing

lacI SF (�243 to �211) 50-TGACTTGAGCGTCGATTTTTGTGC-3 0

lacI CR (579 to 561) 50-AGCGCGATTTGCTGGTGAC-30

lacI SR (1344 to 1328) 50-CCAGCTGGCGAAAGGGG-3 0

TABLE 2. Spontaneous mutation frequencies in murine germ and somatic cells.

Developmental stage Cell type
Total no. of

plaque-forming units
No. of

mutant plaquesa
Mean mutant frequency

6 SEM (3105)

Female

15.5 dpc Oocytes 974250 8 0.82 6 0.29f

15.5 dpc Liverb 652500 19 2.91 6 0.67
2–6 dpp Oocytes 491159 3 0.61 6 0.35f

2–6 dpp Liverb 380250 15 3.94 6 1.02

Male

15.5 dpc Prospermatogoniac 506000 5 0.99 6 0.44f

15.5 dpc Liver 886000 25 2.82 6 0.56
6 dpp Primitive type A Spermatogoniad 899145 21 2.34 6 0.51g

6 dpp Sertoli cellsd 152300 9 5.91 6 1.97
6 dpp Thy-1þe 715858 4 0.59 6 0.28

a Confirmed, nonclonal mutant plaques.
b From both sexes combined.
c Type T1 prospermatogonia.
d Data from Walter et al. [15].
e Thy-1þ spermatogonia.
f Germ cells significantly lower than somatic cells at the same stage (P � 0.05) but no significant differences between male and female germ cells at this
stage.
g Primitive type A spermatogonia significantly different from age-matched Sertoli cells.
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a fundamental characteristic of the germ line in both males and
females even during the early stages of germ cell development.

We next examined the frequency of spontaneous mutations
in female germ cells and somatic cells at 2–6 dpp and
compared this value to the mutation frequency found for
primary oocytes at 15.5 dpc and that previously determined for
male germ cells at 6 dpp [15]. We found that the spontaneous
mutation frequency in female germ cells at 2–6 dpp (0.61 3
10�5) was similar to that in male and female germ cells at 15.5
dpc (0.82 3 10�5 and 0.99 3 10�5; P . 0.51) but was
significantly lower than that reported for primitive type A
spermatogonia from males at 6 dpp (2.34 3 10�5; P ¼ 0.03).
We suspect the difference in mutation frequency between male
and female germ cells at 6 dpp may reflect the more active
proliferation of male germ cells compared to the quiescent state
of female germ cells at this stage. Nevertheless, the data shown
in Table 2 reveal a consistent pattern of lower frequencies of
spontaneous point mutations in germ cells relative to that in
somatic cells in both sexes at every age investigated. Thus, the
frequency of mutations in liver cells in both sexes combined at
15.5 dpc and 2–6 dpp was statistically significantly different
from that in germ cells from both sexes at these same stages (P
¼ 0.0001). This lends further support to the fundamental
difference between germ cells and somatic cells in this regard
as predicted by the disposable soma theory [1].

Mutation Types in Germ Cells and Somatic Cells

We sequenced each of the mutant lacI genes recovered from
each cell or tissue sample to confirm that a mutation had
occurred in each case and to determine the range of types of
mutations associated with each cell sample (Table 3). Transition
mutations were the most common type of point mutation
detected in each cell type, with the exception of postnatal female
germ cells. C-to-T transitions are typically the most common
spontaneous mutation found in mammalian cells because of
deamination of methylated cytosines to form uracils, which are
then converted to thymines during DNA replication [11, 45].
Although we observed statistically significant differences
between liver and germ cells of both sexes combined in the
incidence of double-base substitutions at 15.5 dpc and 2–6 dpp
(P ¼ 0.0001) and certain other minor differences of borderline
statistical significance in the relative proportion of different types
of mutations in different cell types (e.g., between male and
female germ cells at these same stages), we did not observe any
extensive differences that could be ascribed to known biological
distinctions among these cell types.

Developmental Kinetics of Accumulation of Spontaneous
Mutations

Our new data acquired from primary oocytes at 15.5 dpc
and 2–6 dpp and from type T1 prospermatogonia and male and
female somatic cells at 15.5 dpc were combined with that
previously determined for somatic cells at 10.5 dpc [35, 36]
and for somatic cells and male germ cells at juvenile and adult
stages [15] to reveal the developmental kinetics of accumula-
tion of spontaneous mutations during prenatal and postnatal
development of the germ line and various somatic lineages,
respectively (Fig. 1). Because of a ‘‘bottleneck effect,’’ the
frequency of mutations in the lacI mutation reporter transgene
typically returns to zero at the beginning of each generation,
and new spontaneous point mutations then accumulate
thereafter [36]. During prenatal stages, we observed a relatively
rapid accumulation of new mutations, resulting in a mutation
frequency ranging from 2 3 10�5 to 3 3 10�5 in somatic cells
by birth. This rapid accumulation of mutations likely reflects
the extensive cellular proliferation activity that occurs during
the prenatal stages of development. Following birth, we
observed a slower increase in the frequency of spontaneous
mutations in somatic cell lineages. Mutation frequencies in
adult somatic cell types ranged from 3 3 10�5 to �6 3 10�5,
with lineage-specific differences that may be based on either
differential rates of cellular proliferation and/or differential
exposure to mutagenic effects. No significant differences were
observed in the frequencies of spontaneous mutations in male
and female somatic cells, respectively, at any stage of
development.

However, during these same stages, germ cells were
found to accumulate significantly fewer mutations than
somatic cells. Thus, as noted above, by as early as 15.5 dpc,
the frequency of spontaneous mutations in germ cells of
both sexes was significantly lower than that in somatic cells
in the same individuals. As shown in Figure 1, this trend
continued into adulthood. In females, the frequency of
spontaneous mutations in primary oocytes reached a level of
0.82 3 10�5 by 15.5 dpc and remained essentially
unchanged in oocytes recovered at 2–6 dpp (the frequency
of 0.61 3 10�5 detected in oocytes at 2–6 dpp was not
significantly different from the frequency of 0.82 3 10�5

detected in oocytes at 15.5 dpc; P ¼ 0.66). In males, the
frequency of mutations reached 0.99 3 10�5 in type T1
prospermatogonia at 15.5 dpc and then rose to 2.30 3 10�5

in primitive type A spermatogonia at 6 dpp [15]. However,
the mutation frequency then dropped in later spermatogenic
cell types, reaching a low of 0.3 to 0.4 3 10�5 in primary

TABLE 3. Mutation types in murine germ and somatic cells.

Mutation class

No. of mutations in tissues shown (% of total)

Pro-gonia 15.5 dpca Oocytes 15.5 dpc Liver 15.5 dpcb Oocytes 2–6 dpp Spermatogonia 6 dppc Thy-1þ 6 dppd Liver 2–6 dpp

TS 4 (80) 6 (75) 27 (62) 1 (33) 15 (39.5) 2 (50) 13 (87)
TV 0 2 (25) 8 (18) 1 (33) 4 (10.5) 1 (25) 2 (13)
I/D 1 (20) 0 4 (9) 1 (33) 19 (50) 1 (25) 0
DBS 0 0 5 (20) 0 0 0 0

Total 5 8 44 3 38 4 15

a Pro-gonia, type T1 prospermatogonia.
b From both sexes combined.
c Data from Walter et al. [15].
d Thy-1þ spermatogonia.
e TS, transition: C to T, G to A.
f TV, transversions: C to A, C to G, T to A, and T to G.
g I/D, insertion or deletion.
h DBS, double-base substitution.
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spermatocytes by 18 dpp. From this point on, the frequency
of mutations in spermatogenic cell types remained fairly
constant, reaching 0.8 3 10�5 in spermatozoa [15].

Thy-1-Positive Spermatogonia Carry Fewer Mutations than
Thy-1-Negative Spermatogonia

To test the hypothesis that true SSCs preferentially derive
from a subset of developing prospermatogonia/spermatogonia
that carry fewer mutations than other early spermatogonia, we
recovered a population of Thy-1þ spermatogonia at 6 dpp.
Previous studies have shown that selection for Thy-1þ cells
from a population of early spermatogonia leads to an
enrichment of functional SSCs as assessed by transplantation
of these cells into recipient testes and subsequent quantification
of donor-derived spermatogenesis [34, 46]. We then deter-
mined the frequency of mutations in the Thy-1þ spermatogo-
nial population and compared this to the frequency of
mutations previously found in a general population of purified
type A spermatogonia. We found a mutation frequency of 0.59
3 10�5 in the Thy-1þ spermatogonia, which was significantly
lower than the mutation frequency of 2.3 3 10�5 observed in
the general spermatogonial population (P ¼ 0.01).

DISCUSSION

From a genetic standpoint, the life of any somatic cell
lineage lasts a single generation, whereas the germ line is
essentially immortal. Therefore, to ensure faithful transmission

of genetic information between generations, it is much more
important for germline cells to maintain genetic integrity than it
is for somatic cells to do so. This is the rationale on which the
disposable soma theory was based [1]. In the study described
here, we examined the frequency of spontaneous point
mutations in germ cells and somatic cells from the same
individuals at various stages of the lifecycle and/or develop-
ment of the germ line. Results from this study, in conjunction
with those from earlier studies [15, 35, 36], corroborate the
disposable soma theory by showing that the mutational load is
significantly lower in germ cells than in somatic cells from the
same individuals at all stages of the life cycle investigated in
both males and females.

Our study provides the first direct assessment of mutation
frequencies in the female germ line and shows that, as in males,
germline mutation frequencies are lower than somatic cell
mutation frequencies in females as well. Although we were not
able to directly assess the frequency of mutations in mature
oocytes from adult females due to a lack of sufficient numbers
of cells to facilitate the lacI mutation reporter assay, Figure 1
shows that if the same mutation frequency found in primary
oocytes at 2–6 dpp (0.61 3 10�5) is maintained into adult
stages in ovulated oocytes, the frequency of mutations in
female gametes will be statistically similar to that found in
spermatozoa (0.8 3 10�5; P¼ 0.73) (Fig. 1, dashed line). This
suggests that, as expected, the disposable soma theory appears
to apply equally well to males and females. In addition, we
show that a significant difference in mutation frequency

FIG. 1. Accumulation of spontaneous mutations in germ and somatic cells during murine development. Spontaneous point mutations begin to
accumulate in the lacI mutation reporter transgene following fertilization. The frequency of mutations rises quickly in somatic cells between fertilization
and birth and then continues to rise at a lower rate after birth depending on specific somatic cell lineage. By 15.5 dpc, both male and female germ cells
have accumulated significantly lower frequencies of mutations than developmentally matched somatic cells. Female germ cells then maintain a relatively
low frequency of mutations until 2–6 dpp and are presumed to maintain this relatively low mutation frequency into adulthood (dashed line and dashed
square). Male germ cells, on the other hand, show an increase in mutation frequency between 15.5 dpc and 6 dpp but then undergo a dramatic decrease
in the frequency of mutations coincident with a known wave of apoptosis in spermatogonia. This model suggests that a subset of early spermatogonia are
predestined to form the population of functional SSCs in the adult testis and that these cells maintain a low frequency of mutations throughout their
development (dashed/dotted line). Thy-1þ spermatogonia, which are known to be enriched for true SSCs, show a significantly lower frequency of
mutations than does the general population of spermatogonia at 6 dpp. Closed circles, somatic cells; closed triangles, male germ cells; closed squares,
female germ cells; open diamond, Thy-1þ spermatogonia; dpc, days postcoitum; dpp, days postpartum; dashed line, extrapolated mutant frequency in
female germ cells; dashed/dotted line, proposed mutant frequency in precursors of true SSCs. Based on data from this study and those from Walter et al.
[15].
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between germ cells and somatic cells is manifest as early as
15.5 dpc. This indicates that enhanced genetic integrity is a
fundamental characteristic of germline cells throughout the
lifecycle.

The frequency at which genetic mutations accumulate in
any cell lineage is related, in part, to the exposure of cells to
mutagenic influences, the rate of proliferation of each particular
lineage, the level at which DNA repair pathways function to
reverse potentially mutagenic damage, and/or the function of
cell death pathways to eliminate genetically damaged cells
from the lineage. The rate of proliferation of a cell lineage is a
contributing factor because the potential to incur new
spontaneous mutations is normally increased during DNA
replication [47]. This represents the most likely explanation for
the rapid increase in mutations we observed during embryonic
and fetal development when proliferation rates are generally
high. This would also explain the slower accumulation of new
mutations following birth, when proliferation rates are
generally reduced (Fig. 1). Similarly, the sex-specific diver-
gence in rates of accumulation of new mutations in male and
female germ cells between 15.5 dpc and 6 dpp may also reflect
a difference in proliferation rates. Thus, following entry of
female germ cells into first meiotic prophase between 13.5 and
15.5 dpc, these cells cease replication and remain quiescent
until they undergo oocyte maturation and ovulation in the adult
female. In contrast, male germ cells remain mitotically active
between 13.5 and 15.5 dpc, then enter a mitotic arrest until just
after birth, and then undergo a wave of active mitosis again
between 3 and 6 dpp. Thus, we would suggest that the more
active history of proliferation of male germ cells relative to
female germ cells during this developmental period may be at
least partially responsible for the higher frequency of mutations
we observed in male germ cells relative to female germ cells at
6 dpp.

Differential proliferation rates, however, cannot explain the
difference in mutation frequencies observed between germ
cells and somatic cells at 15.5 dpc, given that both germline
and somatic cell types derive from lineages that are mitotically
active prior to this stage. Nor can differential proliferative
activity explain the significantly lower frequency of mutations
found in spermatozoa than in somatic cells from the same adult
males, given that spermatozoa are the product of the highly
proliferative seminiferous epithelium, but show a mutation
frequency that is approximately sixfold lower than the average
frequency observed in adult male somatic cells [15]. Indeed,
even somatic tissues composed of predominantly nondividing,
terminally differentiated cells, such as brain, carry mutation
frequencies that are significantly higher than those found in
proliferating seminiferous epithelium [15]. Thus, germ cells
must use unique mechanisms to maintain enhanced genetic
integrity relative to somatic cells. The most likely candidates
for such mechanisms are elevated activities of various DNA
repair pathways as well as higher levels of certain cell death
pathways.

Several studies of DNA repair and cell death pathways have
confirmed that these activities are elevated in germ cells
relative to somatic cells [16–24]. Spontaneous DNA damage in
spermatogenic cells is largely repaired through the base
excision repair pathway or during replication by the mismatch
repair system. Base excision repair activity has been shown to
be high in the male germ line [16, 17, 48], and in the absence of
this pathway as demonstrated by experimentally induced
haploinsufficiency of the base excision repair genes Ape1 and
Polb, the spontaneous mutation frequency becomes elevated in
spermatogenic cells in young adults [19, 24]. In contrast,
studies have shown that nucleotide excision repair [19] and

double-strand break repair [49] activities are typically not
elevated in the male germ line.

Elevated DNA repair activities mitigate the effects of DNA
damage and minimize the formation of new mutations in
germline cells. Thus, this mechanism can explain why germ
cells tend to accumulate new mutations at a lower rate than
somatic cells. However, this does not explain the observed
decrease in the frequency of mutations as spermatogonia
proceed from the undifferentiated type A stage to the
differentiating type B stage. Thus, while it is straight forward
to explain an increase in the frequency of spontaneous
mutations as a function of development due to the ongoing
accumulation of mutations in a particular cell lineage, it is more
difficult to explain a decline in mutation frequency as we
observed during the transition between type A and type B
spermatogonia, where the mutation frequency dropped from
2.3 3 10�5 to 0.8 3 10�5 [15]. The timing of this decline is
correlated with a known wave of cell death in spermatogenic
cells [50], suggesting there is a nonrandom loss of spermato-
gonia bearing relatively higher mutational loads and progres-
sion of cells carrying fewer mutations to become functional
SSCs in the adult testis. Indeed, studies show lacI transgenic
mice deficient in the proapoptotic BAX protein display reduced
cell death among spermatogenic cells and fail to undergo the
decline in mutant frequency observed during the first wave of
spermatogenesis in wild type mice [22].

These observations suggest that programmed cell death
selectively eliminates spermatogonia carrying relatively higher
mutant frequencies. However, there is no known mechanism
that can actively distinguish cells carrying different frequencies
of point mutations to facilitate this distinction, unless one or
more of those mutations leads to a specific phenotypic defect
that impacts cell function. An alternative explanation is that the
population of early spermatogonia (type T1 prospermatogonia
[type A spermatogonia]) [30] is heterogeneous and contains a
subset of cells that are predestined to form SSCs and that these
cells maintain a particularly low level of mutations throughout
their development. This theoretical possibility is shown in
Figure 1 (dotted/dashed line) and suggests that a certain
subpopulation of cells within the early spermatogonial
population maintains a particularly low level of mutations
because these cells are predestined to become functional SSCs
and are therefore the key cells among the early male germ cell
population that must adhere to the disposable soma theory to
maintain enhanced genetic integrity for the future of the
species.

Importantly, the spermatogonial cell types in which we
observed the significant drop in mutation frequency were all
from the initial wave of spermatogenesis, whereas the
pachytene spermatocytes, round spermatids, and spermatozoa
in which we observed significantly lower frequencies of point
mutations came from subsequent waves of spermatogenesis. It
has been reported that the first wave of spermatogenesis
derives from a subpopulation of non-self-renewing spermato-
gonia that is distinct from the self-renewing SSCs that give rise
to all subsequent waves of spermatogenesis [51].

Evidence for heterogeneity among spermatogonia during
the first wave of spermatogenesis has been provided by
Yoshida and colleagues [51–54] and Shinohara and col-
leagues [55, 56], among others [57, 58]. That work
demonstrated that distinct subpopulations of A

s
-
al

spermato-
gonia can be distinguished on the basis of marker gene
expression and that these different subpopulations show
differences in their potential to become functional SSCs. In
addition, Yoshida et al. [51–53] demonstrated that the initial
wave of spermatogenesis appears to derive directly from a

MURPHEY ET AL.

6 Article 6



spermatogonial population that does not include a self-
renewing SSC, whereas later waves of spermatogenesis
derive from self-renewing SSCs. Within this context, our
data are consistent with the suggestion that the non-self-
renewing spermatogonia that give rise to the first wave of
spermatogenesis carry higher frequencies of mutations on
average than do the self-renewing SSCs that give rise to
subsequent waves of spermatogenesis.

It remains to be determined whether the self-renewing SSCs
that take up residence at the base of the seminiferous
epithelium derive from a subpopulation that is determined
stochastically or as the result of some sort of selection
mechanism or is predetermined from an earlier stage in the
male germ line. Given that reverse mutations are extremely
rare, the advanced spermatogenic cell types carrying low
mutation frequencies that we observed in the adult testis must
derive from SSCs that carry low frequencies of mutations, and
these SSCs must, in turn, nonrandomly derive from a
subpopulation of early spermatogonia carrying lower frequen-
cies of mutations than other early spermatogonia. This would
argue against a completely stochastic process determining
which cells form functional SSCs and leaves two other
possibilities. One possibility is that there is some type of
selection process that ensures that either only early spermato-
gonia with low mutational loads will form SSCs or that only
immediate progeny of SSCs with low mutational loads will
progress thru spermatogenesis. The second possibility is that
no active selection takes place but rather that one of the
subpopulations of early spermatogonia is predestined to form
functional SSCs and that because of this fate, this subpopu-
lation maintains a low mutational load.

We favor the interpretation that functional SSCs derive from
a predestined subset of early spermatogonia that have
maintained differentially enhanced genetic integrity throughout
their developmental history. The point mutations we measured
in the lacI mutation reporter transgene are indicative of
mutations in regions of the genome that do not lead to either
positive or negative selection, given that the lacI transgene is
not expressed. While the occurrence of mutations detected in
this transgene is believed to reflect the genome-wide
occurrence of point mutations in any particular cell type, such
spontaneous mutations are normally rare, and most that do
occur are not likely to negatively impact cellular function in a
manner that could provide a phenotypic basis for the extensive
selection mechanism that would be required to nonrandomly
cull the majority of early spermatogonial cells to yield the
ultimate, small subpopulation of functional SSCs. Thus, we
believe our data are compatible with the notion of heteroge-
neous subpopulations of early spermatogonia with nonrandom
differences in cell fate, as demonstrated by Yoshida and others
[51–58], but we would extend this notion to suggest that one of
these subpopulations is preferentially fated to form SSCs. Our
previous studies indicated that enhanced maintenance of
genetic integrity is a phenotype regulated by epigenetic
mechanisms in germ cells and early embryos [35, 36]. We
would suggest that epigenetic programming in the subset of
early spermatogonia (and their precursors) that gives rise to
SSCs also favors elevated expression of DNA repair and
related genes that minimize the occurrence of spontaneous
point mutations in these cells to yield a population of SSCs that
displays enhanced maintenance of genetic integrity.
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