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basis for estimation of radiation risks to humans (4). At that
time, the LNT model looked quite reasonable; cancer risk
is proportional to mutation rate, and the mutation rate is
proportional to radiation dose, and cancer risk is therefore
proportional to radiation dose.
In 1982, Russell and Kelly (5) demonstrated that mutation frequency in murine spermatogonia is dependent not
only on the total radiation dose but also on the dose rate.
The same cumulative doses resulted in different mutation
frequencies when the dose rates were different; this is
called the dose-rate effect. Generally, an acute irradiation
is more damaging than chronic irradiation. It was inferred
that in acutely irradiated cells, radiation-induced DNA
damage is not repaired completely, because the repair capacity is limited, leading to mutations. It was shown that
DNA repair is a key function in determining radiosensitivity in Drosophila (6, 7) and in cultured human cells (8).
The DNA repair function is also involved in the induction
of mutation (9) and possibly in the formation of thresholds.
In Oliver’s experiment (1) and in most succeeding studies
(2), only mature sperm were used for the lethal mutation
assay. Mature sperm have no cytoplasm and no repair activity (10, 11). We reported previously (12) that in the somatic mutation assay in Drosophila there is a threshold
around 1 Gy and that a mutation in DNA repair function
decreases the threshold value. It is possible that even in
germline mutation assays, a threshold can be detected when
repair-proficient immature sperm are used. Here we report
the existence of a threshold in the sex-linked recessive lethal assay using immature sperm. The involvement of the
DNA repair function in establishing a threshold is indicated.
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A sex-linked recessive lethal mutation assay was performed
in Drosophila melanogaster using immature spermatocytes
and spermatogonia irradiated with X rays at a high or low
dose rate. The mutation frequency in the sperm irradiated
with a low dose at a low dose rate was significantly lower than
that in the sham-irradiated group, whereas irradiation with a
high dose resulted in a significant increase in the mutation
frequency. It was obvious that the dose–response relationship
was not linear, but rather was U-shaped. When mutant germ
cells defective in DNA excision repair were used instead of
wild-type cells, low-dose irradiation at a low dose rate did not
reduce the mutation frequency. These observations suggest
that error-free DNA repair functions were activated by low
dose of low-dose-rate radiation and that this repaired spontaneous DNA damage rather than the X-ray-induced damage,
thus producing a practical threshold. 䉷 2007 by Radiation Research
Society

INTRODUCTION

The dose–response relationship between ionizing radiation and induced mutation frequency was reported as early
as 1930 using a sex-linked recessive lethal assay in mature
sperm of the fruit fly Drosophila melanogaster. Oliver (1)
showed that between 285 r (2.7 Gy) and 4560 r (43.5 Gy),
the X-ray dose and mutation frequency had a linear relationship without any threshold. Most succeeding studies
supported the linear relationship (2). Studies using bacteria,
yeast, cultured mammalian cells and mice also showed a
linear dose response (3). Since then, the so-called linear
non-threshold (LNT) model has been widely accepted as a

MATERIALS AND METHODS
Fly Strains and Culture Condition
Canton-S was used as a wild-type strain. For a mutant strain defective
in the excision repair function, y mei-9a v f y⫹ was used. As an X chromosome balancer, FM6 was used [for details of the wild-type, mutant
genes and balancer, see ref. (13) and FlyBase (14), a database of the
Drosophila genome]. Flies were fed with conventional fly culture medium [8% (w/v) cornmeal, 8% (w/v) glucose, 8% (w/v) dry yeast and 0.8%
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FIG. 1. Mating scheme for the sex-linked recessive lethal test. Each
irradiated or sham-irradiated male was mated to an FM6/sc10-1 virgin female in separate vials. F1 females carrying the FM6 chromosome were
collected, and single-pair matings with FM6/Y male were made. Only
one FM6/X* female was used from each parental mating. Another 15
days later, F2 flies were examined, and vials from which no wild-type
males emerged were judged as candidates for sex-linked recessive lethals.
The total numbers of X chromosomes examined were 2623 (10 Gy, 0.5
Gy/min), 3694 (0.2 Gy, 0.5 Gy/min), 3050 (10 Gy, 0.05 Gy/min), 3036
(0.2 Gy, 0.05 Gy/min) and 11,762 (total of all four sham-irradiated
groups).

FIG. 2. Frequencies of sex-linked recessive lethal mutations. Solid bars
represent mutation frequencies in groups irradiated with the indicated
doses. The dose rate was 0.5 Gy/min (panel A) or 0.05 Gy/min (panel
B). Open bars represent the corresponding sham groups. For irradiation
with 0.5 Gy/min (panel A), the mutation frequency in the 10-Gy group
was significantly higher than that in the corresponding sham group (P ⬍
0.001). The mutation frequency was reduced in the 0.2-Gy group, but
this difference was not statistically significant. For irradiation with 0.05
Gy/min (panel B), the reduction in the 0.2-Gy group became significant
(P ⬍ 0.05). The mutation frequency in the 10-Gy group was still significantly higher (P ⬍ 0.01).

(w/v) agar in tap water with 0.8% (v/v) propionic acid as a mold inhibitor]
and were reared in a constant temperature room at 24 ⫾ 0.5⬚C with a
12-h light-dark cycle. Flies were allowed to lay eggs for 4 h, and then
parents were removed. Eggs were incubated at 24⬚C for 4 days to hatch
into larvae before they were irradiated.

for carrying an X-ray-induced sex-linked lethal mutation in the next generation. Thirteen to 18 repeat experiments were done for each dose/doserate condition. The statistical significance of the difference in the lethal
mutation frequencies in the irradiated and the corresponding sham-irradiated groups was confirmed by 2 analysis.

X Irradiation
The third instar larvae were irradiated with X rays at 96 ⫾ 2 h after
egg laying. Sperm at this developmental stage are a mixture of spermatocytes, spermatogonia and germline stem cells (15). Almost all the
sperm are pre-meiotic and are assumed to have active DNA repair functions (6, 16). Irradiation was done with an X-ray generator (MBR1505R2, Hitachi, Tokyo) operated at 150 kVp, 2 or 5 mA with 1 mm
aluminum ⫹ 0.2 mm copper filters. The upper surface of the fly culture
medium where larvae were crawling was placed 23 or 53 cm from the
X-ray source. The dose rate was 0.5 or 0.05 Gy/min depending on the
distance and tube current. The temperature of the room in which the X
irradiation was performed was also set at 24⬚C to avoid any artifact from
a temperature change during the experiment. After irradiation, flies were
brought back to the culture room and were reared under normal conditions until their eclosion.
Sex-Linked Recessive Lethal Test
The mating scheme is shown in Fig. 1. At the fifteenth day of egg
laying, adult flies that had eclosed from pupal cases were anesthetized
with carbon dioxide gas, and males were collected. Using these males,
around 400 sets of single-pair mating with an sc10-1/FM6 virgin female
were made for one experiment (200 irradiated and 200 sham-irradiated
males). Parental flies were removed 7 days after crossing. At the fifteenth
day of crossing, F1 females carrying an FM6 chromosome were collected,
and 400 sets of single-pair mating with an FM6/Y male were made. To
avoid the possibility that the single pre-meiotic mutation would be amplified by cell division and isolated several times, only one FM6/⫹ female was used from each parental mating. Another 15 days later, F2 flies
were examined, and vials from which no wild-type males emerged were
kept as candidates for sex-linked recessive lethals. They were checked

Genetic Mapping
Established sex-linked recessive lethals were analyzed for their genetic
loci using a mapping strain carrying sex-linked external marker genes.
Virgin females heterozygous for a lethal were crossed to y sc cv v f y⫹
males (13, 14). Recombinant F2 males were analyzed for expression of
marker genes, and the locus of the lethal mutation was identified according to the classical mapping strategy.

RESULTS

Dose–Response Relationship of Wild-Type Flies at a High
Dose Rate
When the third instar larvae of wild-type flies were irradiated with 10 Gy at a high dose rate (0.5 Gy/min), an
increase in the sex-linked recessive lethal mutation frequency compared with that in the sham-irradiated group
was observed (Fig. 2). Nonlethal mutations in external morphology were found occasionally, but they were not used
for the calculation of mutation frequencies. The lethal mutation frequency in the sham-exposed group was 0.29% (8
lethals/2736 X chromosomes), which is similar to the data
for sham-exposed groups in previous reports (17–19). The
mutation frequency at 10 Gy was 1.03% (27/2623), which
was significantly higher than that in the corresponding
sham-irradiated group (P ⬍ 0.001). Although the mutation
frequency in irradiated groups will differ according to the
experimental conditions (temperature, developmental stage
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of flies at irradiation, dose rate, X-ray tube voltage or filters), our data (1.03% at 10 Gy) fitted the linear regression
equation proposed by Oftedal (17). The mutation frequency
at 0.2 Gy was 0.22% (8/3694), which was slightly lower
than that in the sham-irradiated group (11/3228 ⫽ 0.34%),
though the difference was not statistically significant. The
dose–response relationship at a high dose rate was compatible with the LNT model.
Dose–Response Relationship of Wild-Type Flies at a Low
Dose Rate
When wild-type flies were X-irradiated at a low dose rate
(0.05 Gy/min), the dose–response relationship was found
to be quite different from that predicted by the LNT model
(Fig. 2). The mutation frequency at 10 Gy was 0.79% (24/
3050), which was lower than that in the high-dose-rate experiment, but still significantly higher (P ⬍ 0.01) than that
in the sham-irradiated group (9/2981 ⫽ 0.30%). However,
the mutation frequency at 0.2 Gy was 0.07% (2/3036),
which was significantly lower than that in the sham-irradiated group (9/2767 ⫽ 0.33%, P ⬍ 0.05). This result is
not consistent with the LNT model. A J- or U-shaped dose–
response relationship was evident. There is a threshold between 0.2 and 10 Gy below which no increase in mutation
frequency is detected.
Loci of Lethal Mutations
The genetic loci of isolated lethal mutations (46 X-rayinduced and 11 spontaneous) were identified. Most of these
were mapped to single loci on the X chromosome. In the
X-irradiated groups, 26 of the mutations (among 43 mapped
lines) were between f and the centromere, the same region
as the salivary gland chromosome bands 16 to 20. Six of
the mutations were between y sc and cv, one between cv
and v, and 10 between v and f. This was comparable to the
previous report that two-thirds of lethals were located in
chromosome band 20 (2). However, four mutants (three of
the 46 X-ray-induced and one of the 11 spontaneous) could
not be mapped precisely. Since our classical genetic mapping strategy depended on recombination between homologous X chromosomes, it suggested that chromosomal recombination was suppressed, possibly by a large deletion,
inversion or translocation.
Dose–Response Relationship of DNA Repair-Defective
Flies
A repair-defective mutant strain was used instead of the
wild-type strain to confirm the involvement of repair function in causing the threshold. Male flies carrying the mei9a mutation (20) and therefore defective in the error-free
nucleotide excision repair function were X-irradiated with
0.2 Gy at a low dose rate (0.05 Gy/min). The irradiation
was carried out at the same developmental stage used in
the experiments with the wild-type flies (96 ⫾ 2 h). The
mutation frequency was 0.25% (8/3243) in the irradiated

FIG. 3. Sex-linked recessive lethal mutation frequencies in the excision
repair-defective mei-9a flies. The solid bar represents the irradiated group;
the open bar represents the control group. A low-dose (0.2 Gy), lowdose-rate (0.05 Gy/min) irradiation did not cause a reduction in mutation
frequency.

group and 0.21% (7/3312) in the sham-irradiated group.
These two values are quite similar (Fig. 3), and it was
shown that mei-9a mutant flies did not exhibit a J-shaped
dose–response relationship and that the defects in the errorfree repair function extinguished the threshold.
DISCUSSION

It was found that the dose–response relationship between
X irradiation and mutation frequency was not linear when
repair-proficient immature larval sperm were irradiated at a
low dose rate. Recently, U- or J-shaped dose responses
have been recognized as being the rule in toxicology and
in radiobiology rather than the rare exceptions (21, 22). We
must remember that the LNT is a model that is used to
avoid an underestimation of the radiation effects in formulating protection criteria. The actual dose–response relationship is not always linear, especially in the low-dose
region or at low dose rates.
Since a linear dose–response relationship has been well
established when mature sperm are irradiated (2), and since
adult testes include sperm in various developmental stages,
it is interesting to examine the immature adult sperm to see
whether the dose–response relationship is also J-shaped. It
is possible, if not probable, that immature adult sperm respond in a different manner from larval immature sperm.
Savina et al. (23) found that an adaptive response to alkylating agents occurred only when larvae were primed.
When immature spermatogonia of adults were primed, an
adaptive response was not seen. However, when adult flies
were irradiated with a high dose of X rays, a lower induced
mutation frequency was observed in spermatogonia compared with more mature sperm (24, 25). This strongly suggests that DNA repair function is activated by radiation in
immature adult sperm. The difference in response to chemicals between larval and adult spermatogonia may result
from differences in metabolism between larvae and adults.
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It is important to identify the mechanisms that result in
the non-linear dose–response relationship. Mei-9a mutant
flies did not exhibit a threshold, suggesting that the nucleotide excision repair function is involved in threshold formation. Although excision repair is not effective in repairing double-strand breaks induced by radiation (26), it
should effectively repair damage such as pyrimidine dimmers, base damage or adducts. These kinds of damage are
either induced by X radiation through radical reaction or
caused spontaneously. In the sex-linked recessive lethal assay, recessive lethal genes on the X chromosome that are
heterozygous in the gene pool of the test population are not
transmitted to the sperm of the tester males and therefore
are not detected as spontaneous lethals in the control or the
treated group. All spontaneous mutations resulted from errors in the repair of spontaneous DNA damage caused during spermatogenesis of the tester males. It is inferred that
0.2 Gy radiation activated the error-free nucleotide excision
repair system (which is inactive or at baseline activity if
the files are not irradiated), decreasing the spontaneous mutation frequency, compensating for an increase in the radiation-induced mutation, or even exceeding it to reduce
the total mutation frequency. This should produce a practical threshold.
The activation of an inducible repair system is generally
recognized as the basic mechanism of the adaptive response. Therefore, it is possible to say that we have observed a cellular adaptive response by not applying a challenging dose. However, it is unique that 0.2 Gy given at
0.05 Gy/min induced an adaptive response while the same
dose given at 0.5 Gy/min did not. It is well known that the
same dose given at different dose rates results in different
frequencies of induced mutations. The higher the dose rate,
the higher the mutation frequency. The reduction in the
spontaneous mutation rate, on the other hand, should be
independent of the dose rate. Thus the resulting (X-rayinduced ⫹ reduced spontaneous) mutation frequency
should be different at different dose rates. Wang et al. (27)
found a clear dose-rate dependence of the radioadaptive
response in mice. Their end point was teratogenesis, and
they presented a complicated discussion on the mechanism
of the dose-rate dependence. Involvement of the cell cycle,
growth factors and so on was hypothesized. However, in
our case, simple addition of spontaneous and X-ray-induced
mutations can explain the apparent dose-rate dependence.
Excision repair may not be the only factor that caused
reduction in mutation frequency in flies irradiated with a
low dose at a low dose rate. Photo-reactivation, another
error-free repair function, is known to occur in Drosophila
(28). Activation of this function may also influence the
spontaneous mutation frequency. Apoptosis may also play
a role in the formation of the threshold. Involvement of
apoptosis in threshold formation has been observed in embryonic development in mice (29). In Drosophila, germinal
selection was observed (30). The term ‘‘germinal selection’’ means elimination of sperm with DNA damage, and

therefore, it is not necessarily equal to the apoptosis itself
but quite probably is related to it. However, the mei-9 mutant did not show a J-shaped dose response, which indicates
that excision repair function is one of the important elements in the threshold formation.
The spontaneous mutation frequency in nucleotide excision repair-defective mutant flies was slightly lower than
that in the wild-type files, though the difference was not
significant. It was reported (31) that the spontaneous mutation frequency in the mei-9 mutant accumulated through
50 generations was several times higher than in the wild
type, which seems contradictory to our results. However,
in the sex-linked recessive lethal assay, accumulated lethal
mutations are not detected, and all of the lethal mutations
detected were induced during spermatogenesis of the tester
males. Therefore, it is possible that a difference between
mutant and wild type was not observed. It is known that
XPF proteins in CHO cells are not incorporated into the
active nucleotide excision repair (NER) protein complex
without DNA damage (32). Since mei-9 is a homologue of
Xpf, it is possible that Drosophila Mei-9 protein also is not
part of the NER complex in nonirradiated flies. If so, mutation in the mei-9 gene would not influence the background mutation frequency. The mei-9 mutation produces
an effect only in the irradiated flies. Hsia et al. (33) showed
that apoptosis was increased in testes of the excision repairdeficient ERCC1 mice. It is possible that apoptosis is activated in the spermatocytes and spermatogonia of mei-9a
flies in our experiment and thus that germ cells with spontaneous DNA damage were abolished during spermatogenesis, resulting in a reduction of spontaneous mutation.
ACKNOWLEDGMENTS
Dr. Hiromitsu Ogata at National Institute of Public Health is acknowledged for helpful advice on statistical analyses. Dr. Gouri Mukerjee-Dhar
is acknowledged for critical reading of the manuscript and for correction
of English. The mei-9a fly stock was obtained from the Drosophila Genetic Resource Center at Kyoto Institute of Technology.
Received: June 6, 2006; accepted: September 20, 2006

REFERENCES
1. C. P. Oliver, The effect of varying the duration of X-ray treatment
upon the frequency of mutation. Science 71, 44–46 (1930).
2. K. Sankaranarayanan and F. H. Sobels, Radiation genetics. In The
Genetics and Biology of Drosophila, Vol. 1c (M. Ashburner and E.
Novitski, Eds.), pp. 1089–1250. Academic Press, London, 1976.
3. United Nations Scientific Committee on the Effects of Atomic Radiation, 1977 Report to the General Assembly, with Annexes. United
Nations, New York, 1977.
4. ICRP, Recommendations of the International Commission on Radiological Protection (as Amended 1959 and Revised 1962). Publication
6, International Commission on Radiological Protection, Pergamon
Press, Oxford, 1964.
5. W. L. Russell and E. M. Kelly, Mutation frequencies in male mice
and the estimation of genetic hazards of radiation in men. Proc. Natl.
Acad. Sci. USA 79, 542–544 (1982).
6. P. D. Smith, C. F. Baumen and R. L. Dusenbery, Mutation sensitivity

MUTATION REDUCTION BY LOW-DOSE X RAYS

of Drosophila melanogaster VI. Evidence from the excision-defective mei-9AT1 mutant for the timing of DNA-repair activity during
spermatogenesis. Mutat. Res. 108, 175–184 (1983).
7. R. Kooistra, K. Vreeken, J. B. M. Zonneveld, A. de Jong, J. C. Eeken,
C. J. Osgood, J. Buerstedde, P. H. M. Lohman and A. Pastink, The
Drosophila melanogaster RAD54 homologue, DmRAD54, is involved
in the repair of radiation damage. Mol. Cell. Biol. 17, 6097–6104
(1997).
8. H. Nagasawa, J. B. Little, N. M. Tsang, E. Saunders, J. Tesmer and
G. F. Strniste, Effect of dose rate on the survival of irradiated human
skin fibroblasts. Radiat. Res. 132, 375–379 (1992).

21.
22.
23.

24.

9. J. B. Boyd, J. M. Mason, A. H. Yamamoto, R. Brodberg, S. S. Banga
and K. Sakaguchi, A genetic and molecular analysis of DNA repair
in Drosophila. J. Cell Sci. 6 (Suppl.), 39–60 (1987).

25.

10. N. G. Brink, Protein synthesis during spermatogenesis in Drosophila
melanogaster. Mutat. Res. 5, 192–194 (1968).

26.

11. G. Olivieri and A. Olivieri, Autoradiographic study of nucleic acid
synthesis during spermatogenesis in Drosophila melanogaster. Mutat. Res. 2, 366–380 (1965).
12. T. Koana, Y. Takashima, M. O. Okada, M. Ikehata, J. Miyakoshi and
K. Sakai, A threshold exists in the dose–response relationship for
somatic mutation frequency induced by X irradiation of Drosophila.
Radiat. Res. 161, 391–396 (2004).

27.

28.

13. D. L. Lindsley and G. G. Zimm, The Genome of Drosophila melanogaster. Academic Press, San Diego, 1992.
14. FlyBase, http://flybase.bio.indiana.edu/.
15. K. W. Cooper, Normal spermatogenesis in Drosophila. In Biology of
Drosophila (M. Demerec, Ed.), pp. 1–61. Hafner Publishing Company, New York, 1965.
16. N. Savina, O. Dalivelya and T. Kuzir, Adaptive response to alkylating
agents in the Drosophila sex-linked recessive lethal test. Mutat. Res.
535, 195–204 (2003).

29.

30.

31.

17. P. Oftedal, The radiosensitivity of Drosophila spermatogonia I. Acute
doses. Genetics 49, 181–193 (1964).
18. P. Oftedal, Radiosensitivity of Drosophila spermatogonia II. Protracted doses. Hereditas 51, 13–30 (1964).

32.

19. S. Abrahamson and L. D. Friedman, X-ray induced mutation in spermatogonial cells of Drosophila and their dose–frequency relationship. Genetics 49, 357–361 (1964).

33.

20. B. S. Baker and A. T. C. Carpenter, Genetic analysis of sex chro-

221

mosomal meiotic mutants in Drosophila melanogaster. Genetics 71,
255–286 (1972).
E. J. Calabrese and L. A. Baldwin, Toxicology rethinks its central
belief. Nature 421, 691–692 (2003).
E. J. Calabrese, Historical blunders: How toxicology got the dose–
response relationship half right. Cell. Mol. Biol. 51, 643–654 (2005).
N. Savina, O. Dalivelya and T. Kuzhir, Adaptive response to alkylating agents in the Drosophila sex-linked recessive lethal assay. Mutat. Res. 535, 195–204 (2003).
F. H. Sobels, Processes underlying repair and radiosensitivity in spermatozoa and spermatids of Drosophila. In Genetic Aspects of Radiosensitivity: Mechanisms of Repair, pp. 49–65. International Atomic
Energy Agency, Vienna, 1966.
W. E. Trout, Differential radiosensitivity as an explanation for socalled recovery in Drosophila sperm. Genetics 50, 173–179 (1964).
M. D. Adams, M. McVey and J. J. Sekelsky, Drosophila BLM in
double-strand break repair by synthesis-dependent strand annealing.
Science 299, 265–267 (2003).
B. Wang, H. Ohyama, Y. Shang, K. Tanaka, S. Aizawa, O. Yukawa
and I. Hayata, Adaptive response in embryogenesis: V. Existence of
two efficient dose-rate ranges for 0.3 Gy of priming irradiation to
adapt mouse fetuses. Radiat. Res. 161, 264–272 (2004).
T. Todo, H. Takemori, H. Ryo, M. Ihara, T. Matsunaga, O. Nikaido,
K. Sato and T. Nomura, A new photoreactivating enzyme that specifically repair ultraviolet light-induced (6–4) photoproducts. Nature
361, 371–374 (1993).
F. Kato, A. Ootsuyama, S. Nomoto, S. Kondo and T. Norimura,
Threshold effects for teratogenic risk of radiation depends on doserate and p53-dependent apoptosis. Int. J. Radiat. Biol. 77, 13–19
(2001).
S. Abrahamson, H. U. Meyer, E. Himoe and G. Daniel, Further evidence demonstrating germinal selection in early pre-meiotic germ
cells of Drosophila males. Genetics 54, 687–697 (1966).
E. Hasson and E. R. Munoz, Spontaneous second-chromosome recessive lethals in a Drosophila melanogaster repair-deficient (mei-9a)
mutant. Mutat. Res. 197, 77–83 (1988).
A. B. Houtsmuller, S. Rademakers, A. L. Nigg, D. Hoogstraten, J. H. J.
Hoeijmakers and W. Vermeulen, Action of DNA repair endonuclease
ERCC1/XPF in living cells. Science 284, 958–961 (1999).
K. T. Hsia, M. R. Miller, S. King, J. Selfridge, N. J. Redhead, D. W.
Melton and P. T. K. Saunders, DNA repair gene Ercc1 is essential
for normal spermatogenesis and oogenesis and for functional integrity of germ cell DNA in mouse. Development 130, 369–378 (2003).

