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ABSTRACT Five percent of live-born human offspring
will have a genetic disorder. Of these, 20% are because of
germ-line de novo mutations. Several genetic diseases, such as
neurofibromatosis and Duchenne muscular dystrophy, are
associated with a high percentage of de novo germ-line muta-
tions. Until recently, a direct analysis of spontaneous muta-
tion frequencies in mammalian germ cells has been prevented
by technical limitations. We have measured spontaneous
mutation frequencies in a lacI transgene by using enriched
populations of specific spermatogenic cell types. Similar to
previously published results, we observed a lower mutation
frequency for seminiferous tubule cell preparations, which
contain all stages of spermatogenesis, relative to somatic
tissues. We made the unexpected observation of a decline in
mutation frequency during spermatogenesis, such that the
mutation frequencies of type B spermatogonia and all subse-
quent stages of spermatogenesis are lower than the frequency
for primitive type A spermatogonia. In addition, spermato-
genic cells from old mice have significantly increased muta-
tion frequencies compared with spermatogenic cells from
young or middle-aged mice. Finally, the mutation frequency
was observed to increase during spermiogenesis in postrep-
licative cell types when spermatogenic cells were obtained
from old mice.

From a genetic perspective, germ cells are profoundly different
from somatic cells because they carry the genetic information
that will direct the development of the next generation, not
simply the next daughter cell. Thus, safeguarding the integrity
of germ-line DNA might provide evolutionary advantages.
Indeed, in mice, mutation frequencies obtained from mixed
populations of germ cells are lower than for somatic tissues (1).
This was demonstrated by using a transgenic system in which
the bacteriophage l genome carrying the lacI repressor gene
and the alacZ gene from the prokaryotic lac operon was
introduced into the mouse genome as a transgene. l DNA was
recovered from genomic DNA preparations by packaging and
used to infect a strain of Escherichia coli carrying a lacZ
(b-galactosidase) gene, but lacking a functional lacI gene.
Mutation of the lacI gene renders a blue plaque on agarose
containing the chromogenic substrate 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside (X-gal). In contrast, other stud-
ies using a lacI transgenic mouse (2) or a lacZ transgenic
mouse (3) did not report a significant difference in mutation
frequencies for spermatogenic cells compared with somatic
cells.

Although provocative, interpretation of the results demon-
strating a lower mutation frequency for male germ cells is

complicated by the fact that adult seminiferous tubules contain
a mixture of spermatogenic cell types encompassing all stages
of spermatogenesis. Spermatogonia serve as the stem cells for
spermatogenesis and undergo mitotic divisions that give rise to
cells that will either retain their identity as spermatogonia to
maintain the stem cell population or enter meiosis to become
primary spermatocytes. Once committed to proceed through
meiosis, spermatocytes undergo one round of DNA replication
and two rounds of cellular division to generate haploid sper-
matids. After meiosis, round spermatids undergo spermiogen-
esis to produce spermatozoa, a process involving significant
cellular differentiation in the absence of cell division. Somatic
Sertoli cells also are present in the seminiferous epithelium
and comprise about 3% of the cells in this tissue.

In the present study, we first examined the spontaneous
mutation frequency in a mixed population of seminiferous
tubule cells and somatic tissues to determine whether the
mutation frequency was lower in germ cells. Second, we
examined the mutation frequencies in specific spermatogenic
cell types from premeiotic, meiotic, and postmeiotic stages to
determine when the generally lower mutation frequency ob-
served in seminiferous tubule cells develops during spermat-
ogenesis. Third, we examined mutation frequencies in sper-
matogenic cells from mice at various ages to determine
whether there is any age-related effect on mutation frequency.
Our results indicate that the spontaneous mutation frequency
is lower in seminiferous tubule cells compared with somatic
tissues. In addition, our results show that the mutation fre-
quency declines during spermatogenesis in young mice as cells
progress from mitotic spermatogonia to meiotic spermatogo-
nia. The meiotic cell types in young mice retain the lower
mutation frequency throughout the remainder of spermato-
genesis. In contrast, the mutation frequency is elevated in
spermatogenic cells of old mice and also increases during
spermatogenesis in old mice. Here, the increase in mutation
frequency was observed in postreplicative meiotic cell types.

MATERIALS AND METHODS

Animals. Male lacI transgenic mice (C3HeByFeJ 3 C57BLy
6ylacI F1 hybrids) were obtained from Stratagene’s colony
(Taconic Labs) or from in-house breeding regimens. The
animals were housed in an American Association for the
Accreditation of Laboratory Animal Care-accredited animal
facility and fed standard mouse lab chow and water ad libitum.
Mice were specific-pathogen-free. Mice were humanely eu-
thanized at the appropriate ages. Organs were rapidly removed
and used immediately for germ cell separation procedures or
frozen (liver and brain) in liquid nitrogen and stored at 280°C
until used for genomic DNA isolation.The publication costs of this article were defrayed in part by page charge
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Spermatogenic Cell Type Separations. Sertoli cells and
specific populations of spermatogenic cells types were pre-
pared by using a standard Sta Put gradient system as described
previously (4, 5). Purities of recovered cells were based on
morphological criteria and were $85%.

Genomic DNA Isolation. Genomic DNA was isolated by
using the RecoverEase DNA isolation kit according to the
manufacturer’s recommendations (Stratagene).

Mutagenesis Assay. Transpack in vitro packaging extract
(Stratagene) was used to recover the lacI-containing lambda
shuttle vector from genomic DNA according to the supplier’s
recommendations. E. coli SCS-8 cells (Stratagene) were mixed
with packaged phage, added to top agarose containing X-gal,
and plated on NZY agar assay trays. Trays were visually
screened for blue mutant plaques. All putative mutant plaques
were cored and replated on fresh X-galyNZY plates to confirm
lacI mutations. Mutation frequency was determined by divid-
ing the number of confirmed mutant lacI genes by the total
number of plaque-forming units.

To confirm that the lower mutation frequency obtained for
seminiferous tubule cells was not a technical artifact of the
isolation procedure, mixing experiments were performed.
Testis homogenates prepared from lacI transgenic mice were
combined 1:4 (volyvol) with nontransgenic liver homogenates
before DNA was isolated. Conversely, liver homogenates
prepared from transgenic mice were combined 1:4 with non-
transgenic testis homogenates before DNA isolation. Because
the mutation frequencies from this experiment (data not
shown) were similar to those obtained without mixing, it does
not appear that the low mutation frequency observed for
seminiferous tubule cells results from a technical artifact.

It is important to note that mutations produced in the mouse
rather than the amount of premutational DNA damage or
mutations produced in the E. coli host cells via replication
errors in the phage DNA have been measured. DNA adducts
generated in the mouse also could lead to the production of

mutations during replication of phage DNA; however, these
plaques would appear mosaic during confirmation analyses
because only one strand of the phage DNA would yield a
detectable mutation. Therefore, confirmation of mutations
prevented inappropriate scoring of mutations produced in E.
coli.

Statistical Methods. Data were examined as described by
Piegorsch et al. (6). Because no excess variability was found
between packaging reactions and packaging dates, subsequent
analyses used pooled data. The numbers of mutants are

FIG. 1. Mutation frequencies and standard errors in somatic
cellsytissues and enriched seminiferous tubule cell preparations ob-
tained from 60-day-old male mice. The mutation frequencies are
significantly lower for seminiferous tubule cells versus somatic cells
(P # 0.0001). A test for differences between brain, liver, Sertoli cells
(6 days old), and Sertoli cells (8 days old) revealed no significant
differences (P 5 0.1094). Br, brain; Li, liver; SC, Sertoli cells; SAvg,
somatic average; STC, seminiferous tubule cells.

Table 1. Spontaneous mutation frequencies in murine spermatogenic cell types

Cell tissue type No. animals Total pfu Mutant plaques
Mutation frequency,
3 1025 6 SE 3 1025

Brain 5 1,043,029 48 4.6 6 0.66
Liver 6 527,100 33 6.3 6 1.1
Sertoli cell (6

days old) 9 152,300 9 5.9 6 2.0
Sertoli cell (8

days old) 13 312,000 8 2.6 6 0.91
Somatic cell

average 2,034,429 98 4.8 6 0.49
Seminiferous

tubule cells 4 661,920 4 0.6 6 0.3
Primitive type A

spermatogonia 6 1 9 899,145 21 2.3 6 0.5
A 1 B

spermatogonia 9 766,400 4 0.5 6 0.3
A spermatogonia 11 570,150 11 1.9 6 0.6
B spermatogonia 11 606,200 5 0.8 6 0.4
Preleptotene

spermatocytes 5 650,450 4 0.6 6 0.3
Leptotene 1

zygotene
spermatocytes 3 341,090 1 0.3 6 0.3

Young pachytene
spermatocytes 6 1,434,780 6 0.4 6 0.2

Young round
spermatids 6 1,278,300 5 0.4 6 0.2

Young
spermatozoa 2 637,850 5 0.8 6 0.4

The total number of plaque-forming units (pfu) analyzed, confirmed mutants, mutation frequencies,
and SE are shown for each cellytissue type.
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described by binomial random variables. Mutation frequencies
in more than two cell types or ages were compared by using the
x2 test (7). Pairwise comparisons of mutation frequencies were
conducted by using the conditional binomial test (8). We
analyzed trends with age by using logistic regression, including
in the statistical model both a linear trend with age and a
nonlinear trend. Test of hypotheses in logistic regression were
made with exact tests (LOGXACT 2.0, Cytel Software Corp.,
Cambridge, MA).

RESULTS

Spontaneous Mutation Frequencies in Somatic Tissues and
Young Adult Seminiferous Tubule Cells. To ensure that our
results were comparable with previously published data (9), we
first determined mutation frequencies for two somatic tissues,
brain and liver (Fig. 1 and Table 1). In addition, the mutation
frequency for Sertoli cells, the single somatic cell type within
the seminiferous epithelium, also was determined. Fig. 1 shows
the average mutation frequencies for the different somatic cell
types. These frequencies were similar to those previously
reported by Kohler et al. (1) and not significantly different
from one another. Thus, an average mutation frequency was
calculated for the three somatic tissues and used for subse-
quent comparisons with germ-cell frequencies. Also consistent
with previously published results (1), the mutation frequency
of a mixed population of seminiferous tubule cells from young
adult mice was determined to be significantly lower than the
average somatic frequency (P # 0.0001; Table 1 and Fig. 1).

Spontaneous Mutation Frequencies in Specific Spermato-
genic Cell Types. To identify the specific cell types within the
seminiferous epithelium that give rise to the low lacI mutation
frequency in this tissue, purified populations of various sper-
matogenic cell types were prepared and the lacI mutation
frequencies were determined (Fig. 2 and Table 1). Specifically,
we investigated spontaneous mutation frequencies in purified
populations of different spermatogenic cell types that occur in
the following developmental order in the adult testis: primitive
type A spermatogonia, type A spermatogonia, type B sper-
matogonia, preleptotene primary spermatocytes, leptotene
spermatocytes, zygotene spermatocytes, pachytene spermato-

cytes, round spermatids, and spermatozoa. All of the examined
spermatogenic populations exhibited a significantly lower mu-
tation frequency than that observed in somatic cells (P #
0.001; Table 1). The earliest spermatogonial cell type assayed,
primitive type A spermatogonia, exhibited the highest muta-
tion frequency and was not significantly different from the
frequency of type A spermatogonia (P 5 0.3746). The muta-
tion frequency declined significantly in the mitotic derivatives
of primitive type A spermatogonia, such that the frequency in
a mixed population of types A and B spermatogonia was
significantly lower than that observed in primitive type A
spermatogonia, with the largest proportion of that decline
occurring between type A and type B spermatogonia (Fig. 2
and Table 1).

Overall, primitive type A spermatogonia had a greater
mutation frequency than mixed seminiferous tubule cells (P 5
0.0049), a mixed population of type A 1 B spermatogonia (P 5
0.0017) and type B spermatogonia (P 5 0.0200). Each of the
later spermatocyte, spermatid, and spermatozoa cell types
displayed a relatively low mutation frequency similar to that
found in type B spermatogonia (P 5 0.6910; Fig. 2).

Spontaneous Mutation Frequencies in Spermatogenic Cell
Types Obtained from Old Mice. To determine whether the
relatively low spontaneous mutation frequencies are main-
tained in spermatogenic cells as mice age, males carrying the
lacI transgene were aged to 15 or 28 months and populations
of pachytene spermatocytes, round spermatids, and epididy-
malyvas deferens spermatozoa were recovered and assayed for
mutation frequencies. As shown in Fig. 3 and Table 2, the
mutation frequencies were similar in similar spermatogenic
cell types from young (ca. 2 months) and middle-aged (ca. 15
months) mice (P $ 0.4848); however, they were increased
significantly in spermatogenic cells from old (ca. 28 months)
mice (P , 0.0001). Thus, the change in mutation frequency
with age was nonlinear [nonlinear trend for pachytene sper-
matocytes (P 5 0.0835) and for round spermatids (P 5
0.05471)]. A 7-fold increase in mutation frequency was ob-
served between pachytene spermatocytes obtained from old
versus young mice, a 10-fold increase for round spermatids,
and a 6-fold increase for spermatozoa. These results reveal
another phenomenon unique to the old mice: an increase in
spontaneous mutation frequency occurs during spermiogene-
sis and sperm maturation in the aged male reproductive tract.
Thus, in old mice, we found that the mutation frequency for
any particular spermatogenic cell type was greater than that
found in the same cell type in young or middle-aged mice.
However, in aged mice we also observed a significant (P 5
0.0314) increase in mutation frequency during spermatogen-
esis, such that the frequency in spermatozoa was greater than
that in pachytene spermatocytes.

DISCUSSION

Our results support the conclusion that male germ cells have
a lower spontaneous mutation frequency than somatic tissues.
These frequency data are in accord with mutation frequencies
determined indirectly through the specific locus test (10, 11)
and frequency data obtained for sperm or testes from lacI and
lacZ transgenic mice (1, 12). The only other instance where a
decline in mutation frequency has been observed within a
lineage was reported by Witkin (13). In that report, the
mutation frequency decline (MFD) was demonstrated in
prokaryotic organisms after UV irradiation. Although it is
relatively easy to understand increases in mutation frequency
in a lineage (e.g., accumulation over time), a decrease is more
difficult to explain. There is now a partial molecular explana-
tion for the MFD observation described for prokaryotes: the
mfd gene encodes a transcription-repair coupling factor
(TRCF), which mediates preferential DNA repair of actively
transcribed genes after UV exposure (14). However, our data

FIG. 2. Mutation frequencies and standard errors for specific
spermatogenic cell types. All cell types tested had a significantly lower
mutation frequency than the average somatic mutation frequency (P #
0.001). Furthermore, there was a significant decline in mutation
frequency during spermatogenesis between primitive type A sper-
matogonia and type B spermatogonia (P 5 0.02). Prim. A, primitive
type A spermatogonia; A, type A spermatogonia; B, type B spermato-
gonia; Pre-L, preleptotene spermatocytes; L1Z, leptotene plus zygo-
tene spermatocytes; Pach., pachytene spermatocytes; Rnd., round
spermatids; Sprm, spermatozoa.
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are not explained by coupling transcription with DNA repair
because the lacI transgene is not transcribed. Furthermore, our
methodology directly measured fixed mutations. Conse-
quently, an increased level of DNA repair could not explain the
decline in mutation frequency observed in our studies, because
the current understanding of DNA repair pathways does not
provide a mechanism for recognition of fixed mutations.

We suggest that multiple mechanisms may contribute to the
reduction in mutation frequency we observe in mouse sper-
matogenic cells. First, germ cells appear to be maintained in
a relatively protected state throughout development. This
would explain the initially low mutation frequency in primitive
type A spermatogonia. Second, an additional quality-control
mechanism appears to be operating during the premeiotic
stages of spermatogenesis, such that only those cells with
particularly low mutation frequencies are allowed to proceed
into meiosis. This notion is supported by the observation that
significant apoptosis occurs between type A and type B
spermatogonia (15–18), a timing that is concordant with the
observed decline in mutation frequency. Our results may

suggest that spermatogonia bearing relatively higher mutation
frequencies are more likely to be included among the apoptotic
cells than are those with low mutation frequencies. A mech-
anism to explain this could involve an active checkpoint
whereby spermatogonia are screened for mutations via senti-
nel genes, specific biomarkers that coincide with elevated
mutation frequencies, or it could be that within seminiferous
tubules there exists a select subpopulation of germ cells that
maintain a reduced mutation frequency throughout develop-
ment and are preferentially predestined to proceed through
spermatogenesis.

It has been reported that the lacI transgene has a high
spontaneous incidence of mutagenesis (19). Because the ma-
jority of spontaneous lacI mutations have been identified as
GC 3 AT transition mutations that occur predominantly at
CpG sequences, it has been hypothesized that these particular
mutations may result from the deamination of 5-methylcy-
tosine residues in CpG dinucleotides (1). It will be interesting
to determine the nature of the mutations obtained in our study
and to determine whether the mutations correlate with meth-
ylation changes in the lacI transgene during spermatogenesis,
particularly given that many human hereditary diseases appear
to result from transition mutations at CpG dinucleotides (20).
Thus, the lacI transgenic mouse system may be an extremely
useful model for gaining insight into the propagation of
transition mutations at CpG dinucleotides.

In humans, 5% of live-born offspring have a genetic disorder
(21) and 20% of these are because of de novo mutations in the
germ line (22, 23). Some genetic diseases, such as neurofibro-
matosis (24) and Duchenne muscular dystrophy (25), have
been shown to correlate with a high proportion of de novo
germ-line mutations. In addition, several autosomal-dominant
genetic diseases, such as achondroplasia and hemophilia A, are
associated with a high frequency of de novo mutations and are
correlated with a higher percentage of paternal mutations
(26). Furthermore, de novo mutations in some autosomal-
dominant diseases, including achondroplasia, Marfan syn-
drome, and Apert syndrome (26), correlate with increased
paternal age. At least two factors may contribute to these
male-specific mutation phenomena. First, spermatogonial
stem cells span the majority of the life in males, allowing a
greater opportunity for exposure of stem cells to DNA-
damaging agents and an accumulation of mutations simply by
longevity. Second, male germ cells undergo more cycles of
DNA replication and cell division to produce mature gametes
than do female germ cells. This provides more opportunities
to fix mutations during DNA replication (27).

The nonlinear increase in mutation frequency we detected
during murine spermatogenesis with increased age appears to
be unique and suggests an age-related breakdown of a mech-
anism operating solely in germ cells. This is in contrast to the
gradual accumulation of mutations that appears to account for
the age-related increase in spontaneous mutation frequencies

FIG. 3. Spontaneous mutation frequencies and standard errors are
shown for spermatogenic cells obtained from 60-day-old, 15-month-
old, and 28-month-old mice. The mutation frequency of old pachytene
spermatocytes is greater than that of young spermatocytes (P ,
0.0001) and greater than middle-aged pachytene spermatocytes (P ,
0.0001). Similarly, the mutation frequency of old round spermatids is
greater than young (P , 0.0001) and middle-aged (P , 0.0001) round
spermatids. Furthermore, the mutation frequency of old spermatozoa
is greater than that of young spermatozoa (P , 0.0001). The mutation
frequency was greater in old spermatozoa than in old pachytene
spermatocytes (P 5 0.0314), but there were no significant differences
among young pachytene spermatocytes, round spermatids, and sper-
matozoa (P 5 0.4585). Y. Pach., young pachytene spermatocytes; Y.
Rnd., young round spermatids; Y. Sprm., young spermatozoa; M.
Pach., middle-aged pachytene spermatocytes; M. Rnd., middle-aged
round spermatids; O. Pach., old pachytene spermatocytes; O. Rnd.,
old round spermatids; O. Sprm., old spermatozoa.

Table 2. Spontaneous mutation frequencies in murine spermatogenic cell types obtained from mice
of various ages

Cellytissue type
No.

animals Total pfu
Mutant
plaques

Mutation frequency,
31025 6 SE 3 1025

Young pachytene spermatocytes 6 1,434,780 6 0.4 6 0.2
Young round spermatids 6 1,278,300 5 0.4 6 0.2
Young spermatozoa 2 637,850 5 0.8 6 0.4
Middle-aged pachytene spermatocytes 6 1,205,290 5 0.4 6 0.2
Middle-aged round spermatids 6 1,471,500 7 0.5 6 0.2
Old pachytene spermatocytes 7 1,227,410 35 2.9 6 0.5
Old round spermatids 7 956,690 38 4.0 6 0.6
Old spermatozoa 5 596,255 29 4.9 6 0.9

The total number of plaque-forming units (pfu) analyzed, confirmed mutants, mutation frequencies,
and SE are shown for each sample.
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observed for somatic tissues. For example, splenic DNA from
lacI transgenic mice was analyzed for mutations at various ages
from birth to 24 months old, and a gradual, linear, 4-fold
increase in mutation frequency was noted with increasing age
(28). In humans, a decrease in DNA-repair capacity of UV
products has been demonstrated in peripheral lymphocytes
with increased age (29). Again, there was a linear relationship
between age and decreased repair capacity. Although repeti-
tive cell divisions may account for some of the increase in
mutation frequency observed in spermatogenic cells from old
mice, it cannot account for the increase detected between
pachytene spermatocytes and spermatozoa because DNA
replication does not occur between these stages. Indeed, our
results suggest that subsequent to the decline in mutation
frequency that occurs in spermatogonia, there are normally
additional functioning mechanisms that operate to maintain
the low frequency in meiotic and postmeiotic spermatogenic
cells, but that these mechanisms lose fidelity in old mice.

Thus, our data lead to the suggestion that, with respect to
mutagenesis, the germ line in young males is maintained in a
protected state relative to somatic cells. In addition, there
appears to be a stage-specific checkpoint at which only those
spermatogonia with comparatively low mutation frequencies
are allowed to progress into meiotic prophase and through
spermatogenesis. Further characterization of the mechanisms
involved in the age-related increase in mutation frequency in
spermatogenic cells will contribute to an enhanced under-
standing of the etiology of birth defects arising from paternal
de novo germ-line mutations.
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