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eligible for reversions. If the latter cells are the primary source of reversions then,
as observed, no difference is expected in rate between the consecutive egg-laying
intervals.
The question of whether the phenotypic reversion of recessive mutants to wild

type or near wild type is in fact back mutation has been discussed in extenso else-
where in connection with the problem of spontaneous back mutation.1 The argu-
ments militating for spontaneous back mutation as a specific change or alteration
of a particular mutant gene apply equally well for the radiation-induced reversions
of fan reported here and need no further comment. In short, these results amplify
results based primarily on partial reversions in Drosophila6 and of reversions in
Neurospora7 that X-rays and gamma rays can induce back mutations which, inso-
far as current criteria permit, do not differ from spontaneous back mutations.
Summary.-Drosophila melanogaster 9 9 homozygous for one or the other forked

pseudoalleles, f3n and fl, both known to back-mutate spontaneously, were irradi-
ated with 4,000 r X-rays or gamma rays.
Back mutations of f3n were significantly increased; those of fl apparently not.
The back mutations are not associated with detectable chromosome alterations.
1 M. M. Green, Genetica, 29, 1-38, 1957.
2 G. Lefevre, Am. Naturalist, 84, 341-365, 1950.
3 Gamma irradiation experiments were carried out at the Biology Department, Brookhaven

National Laboratory. Thanks are due Drs. H. J. Curtis and R. C. King for making facilities
available.

4C. Auerbach, Z. f. Vererbungs., 86, 113-125, 1954; A. F. E. Khishin, Z. f. Vererbungs., 87, 97-
112, 1955; K. G. Luning, Hereditas, 38, 91-107, 1952; I. I. Oster, Adv. Radiobiology, pp. 475-480,
1957.

5 R. C. King, J. B. Darrow, and N. W. Kaye, Genetics, 41, 890-900, 1956.
6 H. J. Muller, and I. I. Oster, Adv. Radiobiology, pp. 407-413, 1957.
7N. H. Giles, F. J. deSerres, and C. W. H. Partridge, Ann. N.Y. Acad. Sci., 59, 536-552, 1955;
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In studies of specific locus mutation rates in mouse spermatogonia, a much lower
mutation rate was obtained from chronic gamma than from acute X-irradiation.1-4
Differences in both intensity (dose rate) and quality of radiation were involved in
the comparison, but it was pointed out2 that, although gamma rays frequently
show a biological effectiveness somewhat lower than that of X-rays, the observed
difference between the mutation rates appeared to be greater than could be attrib-
uted to this factor. This point of view has since been confirmed by three separate
experiments conducted to test it.4 In these experiments, no appreciable differences
were found in the effectiveness of acute gamma rays (from Co60), on the one hand,
and acute X-rays, on the other, in inducing dominant lethals in spermatozoa, specific
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locus mutations in spermatozoa and other postspermatogonial stages, or specific
locus mutations in spermatogonia. It can be concluded that most of the difference
between the chronic gamma and acute X-ray mutation rate results must be due to
dose rate.

However, the finding of a dose-rate effect in spermatogonia did not necessarily
prove that this effect was on the mutation process itself. It might, instead, have
been due to secondary causes, such as cell selection resulting from spermatogonial
killing or from other interference with the dynamics of the cycle of the seminiferous
epithelium. ' 2 To determine whether the mutation process itself could be affected
by dose rate, it became important to carry out a dose-rate comparison in females
where there seems little possibility that mutation-rate measurements can be
interfered with by such secondary processes as elimination of sensitive cells. The
adult ovary contains no o6gonia, and the population of germ cells consists solely of
o6cytes, which are non-mitotic and which appear to be remarkably uniform.5
Furthermore, the continued fertility of females in chronic radiation experiments6' 7
provides no evidence of extensive killing, selective or otherwise, of the oocytes.
The first part of the dose-rate comparison for mutation rates induced in odcytes

has already been reported. The specific locus mutation rate in adult females
exposed to continuous chronic Cs'37 gamma irradiation at a dose rate of 86 r
per week proved to be considerably lower than that produced by acute X-rays in
spermatogonia.6 Carter8 also observed a low mutation rate in females exposed to
interrupted chronic Co60 gamma irradiation of somewhat higher intensity than that
used by us. The mutation rates from chronic irradiation of females, as far as they
go, are not significantly different from the rates obtained from chronic gamma
irradiation of spermatogonia.4
The completion of the dose-rate comparison for mutation rates induced in

o6cytes, namely, the determination of mutation rates in females exposed to acute
irradiation, promised a clear-cut answer of broad significance. For, if this rate
proved to be no higher than that from chronic irradiation, then it would show
that odcytes are much less sensitive than spermatogonia. On the other hand, if
the rate from acute irradiation of females turned out to be similar to that from
acute irradiation of spermatogonia, namely, much higher than from chronic ir-
radiation of both sexes, then it would indicate that there was a dose-rate effect
directly on the mutation process.

It was, therefore, most important to obtain a reliable mutation rate from acutely
irradiated females, even though this task is beset by the practical difficulty that
the number of offspring that can be obtained before sterility ensues is very small.
The experiment reported here was accordingly started to extend the limited data
available from an earlier pilot experiment.6 A brief statement of the new findings
has already been presented.4 In the present account, the results to date are
described in more detail. Although the collection of data is still proceeding, the
results are already sufficient to give a clear answer to the questions posed.

Materials and Method.-Young adult F, hybrid females from a cross of 101 X
C3H strains were exposed to 400 r of whole-body X-radiation (250 Kvp; 15 ma.;
inherent filtration 3 mm. Al; H.V.L. 0.4 mm. Cu; dose rate 92 r/min; animals in
lucite containers on turntable rotating above masonite scatter block). The
females were mated for 2 weeks, beginning on the day following irradiation, to
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males of our T stock, which is homozygous for seven recessive marker genes.
Young subsequently born were examined for mutations at the seven loci. Details
of the experimental procedure have been described earlier.9
The data obtained in the present, 1958, experiment are additive with those of the

1950-1951 series,6 since the stocks used were the same and the methods were
identical except for one detail: in 1950-1951, when fertility effects of radiation were
still being explored, females were kept with their mates indefinitely instead of
being separated after 2 weeks, as in the 1958 series. However, the bulk of the
young (97 per cent) were conceived within 2 weeks after irradiation, since most
females were sterile by the time they could have had a second mating, and all were
sterile 5 weeks after irradiation.

In 1950-1951, 379 females were irradiated, and 319 of these gave 1,729 young
surviving to the age at which mutations are scored (i.e. approximately 3 weeks).
In 1958, 6,130 young have, so far, been scored for mutations. These were off-
spring of 1,088 irradiated females. The results of the two acute X-ray experiments
are presented in Table 1, together with data from chronic irradiation of females
and control data. The data from the chronic gamma experiment have been
brought up-to-date since the last report.6

TABLE 1
MUTATIONS AT SPECIFIC Loci IN MOUSE OOCYTES
DOSE INTENSITY No. OF ,--No. OF MUTATIONS AT Locus--

RADIATION (r) (r/min) OFFSPRING a b c d p 8 se d se

-* 0 - 5,845 -
X* 400 96 1,729 - 1
X 400 92 6,130 - 2 1 2 1

0 - 40,918 - - - -

Gamma (CS137) 258 0.0085 26,468 - 1.1
* 1950-1951 experiment (Russell, Russell, Gower, and Maddus, these PROCEEDINGS, 44, 901-905, 1958).

Conclusions.-On combining the 1950-1951 and the 1958 series on acute ir-
radiation of odcytes, the mutation rate is 31.8 X 10-8/r/locus (95 per cent con-
fidence interval: 12.8-65.5 X 10-8). The mutation rate calculated from the up-
to-date tabulation of the chronic gamma data for females is 4.2 X 10-8/r/locus
(95 per cent confidence interval: 0.51-15.1 X 10-8). A test of the significance of
the difference between the mutation rates per roentgen in the two experiments gave
P = 0.006 for a one-tailed test. Thus a significantly greater frequency of specific
locus mutations is induced in o6cytes by acute than by chronic irradiation.

It might be argued that the o6cyte stages irradiated were not strictly comparable
in the chronic and acute radiation experiments. Thus, in the former, offspring
were obtained for almost a year, representing, therefore, o6cytes irradiated in
follicles of a variety of stages of development, from youngest to most mature. In
the acute irradiation experiment, on the other hand, all offspring resulted from
odcytes irradiated in relatively mature follicles. However, as already noted, the
state of the odcyte nucleus in the adult ovary appears quite uniform (dictyate)
throughout the development of the follicle, except for the last few hours before
ovulation (a stage avoided in the present experiment by not mating females until
1 day after irradiation). Development of the follicle seems to involve only growth
in odcyte size and multiplication of follicle cells. Moreover, a difference between
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chronic and acute irradiation can be demonstrated even if one uses only that part
of the chronic radiation data which pertains to oocyte stages more comparable to
those involved in the acute radiation experiment, i.e., only litters conceived within
2 weeks following accumulation of the dose. In Carter's experiment,8 in which all
litters were of this classification (because of subsequent sterility from the dose
distribution used), one mutation occurred among 10,117 offspring. Of the 26,468
offspring from chronically irradiated females in our experiments, 4,303 were con-
ceived in the first 2 weeks, and one of the two mutations was among these. These
two sets of results from chronically irradiated later oocyte stages, taken together,
give a significantly lower rate than that now found to result from acutely irradiated
females (P = 0.005, for one-tailed test), indicating that, as suspected, the dif-
ference between the acute and the total chronic data is not due to oocyte stage.
The finding of an effect of dose rate on the frequency of mutations recovered

from irradiated females-where, as explained, secondary factors, such as cell
selection, cannot be easily invoked-argues strongly that the mutation process
itself must be affected by dose rate. Furthermore, although secondary mechanisms
cannot yet be definitely ruled out as the cause of the intensity effect demonstrated
earlier for spermatogonia, it is simpler to assume that the explanation for the
results in odcytes also applies to spermatogonia.
That the frequency of radiation-induced mutations is independent of dose

rate has been one of the basic tenets of radiation genetics. The finding that dose
rate affects the frequency of specific locus mutations observed following irradiation
of mouse spermatogonial-3 did not by itself violate this tenet, since the result
might have been due to secondary factors. However, the present demonstration
of a dose-rate effect on mutation rate in o6cytes shows that the tenet does not have
universal validity. The classic findings of intensity independence were made in
Drosophila spermatozoa. 10 Recent experiments on mouse spermatozoa4 are in
complete agreement with the Drosophila results. Therefore, the explanation for
the new phenomenon of intensity dependence resides in gametogenic stage. Hy-
potheses concerning the mechanism for this effect have been discussed elsewhere,4
and it was shown that a threshold response for all mutations in spermatogonia and
o6cytes is not a necessary consequence of the findings.
The specific locus mutation rates in o6cytes, 4.2 X 10-8/r/locus and 31.8 X 10-8/

r/locus for chronic and acute irradiation, respectively, may be compared with the
rates in spermatogonia, namely (as calculated from straight lines fitted in the range
of 0-861 r4), 5.2 X 10-8/r/locus and 21.3 X 10-8/r/locus for chronic and acute
irradiation, respectively. It will be noted that, at each dose rate tested, there is,
at present, no evidence of marked difference between odcytes and spermatogonia.
Before the mutation rates from acute irradiation of females were known, it was
argued,6 on the basis of the results then available, that the low mutation rate
obtained with chronic irradiation was due either (a) to the same factor in males
and females, namely, the low dose rate, or (b) to different factors in the two sexes,
namely, to secondary causes in males and to a low sensitivity of the sex or of the
o6cyte stage in females. The new results, showing a high mutation rate from
acute irradiation of females, obviously disprove the second hypothesis. The
conclusion,6 that "the mutation rate in women exposed to chronic gamma radiation
may be less than that estimated from our earlier yardstick, namely, the mutation
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rate obtained from acute X-irradiation of male mice," can now be extended to
chronically exposed men also, since the new results have made secondary factors
unlikely. Carter8 thought it most likely that the low mutation rate found
following chronic irradiation of o6cytes was attributable to sex. As has just been
pointed out, this interpretation is not upheld by the results reported in this paper.
Carter's emphasis on the consequence of his interpretation, namely, that only a
small part of the genetic hazard from medical irradiation would come from ex-
posure of females, now appears to have been misleading.

Of course, more information is needed on the relative mutational sensitivities of
males and females under various conditions of irradiation-intensity, fractionation
of dose, etc. but there is no justification at present for assuming less genetic
hazard from irradiation of females. In fact, the present point estimate from the
mutation rate induced by acute radiation in o6cytes is actually slightly higher than
the spermatogonia rate. Although the difference is not significant in the present
data, the possibility that the mutation rate may be somewhat greater in o6cytes
than in spermatogonia is not out of line with the higher mutation rates found from
irradiation of postspermatogonial stages,1" among which are spermatocytes. In
Drosophila, specific locus mutation rates are about half to three-fourths as high in
odcytes as in spermatozoa,'2 but the spermatozoa rate is about four times the
spermatogonia rate.'3 Thus the relative mutation rates of obcytes and spermato-
gonia may be similar in the two species.

It may be noted from Table 1 that no mutations have, to date, occurred among
46,763 offspring of our control females. Control males have, so far, yielded 17
mutants among 288,616 young4 at our laboratory and 4 mutants among 41,262
young at Harwell.' Thus there is some indication that the spontaneous mutation
rate in females may be lower than in males in the mouse. A similar situation
exists in Drosophila.'4
Summary. The specific locus mutation rate in females is significantly higher

following acute than following chronic irradiation. Since conditions in the adult
mouse ovary are such that complications from secondary factors are unlikely, it can
be concluded that in odcytes there is a dose-rate effect on the mutation process
itself. The influence of dose rate on the frequency of mutations following irradia-
tion of spermatogonia, which was demonstrated earlier and which could have been
due to secondary factors, is now, in the light of the odcyte results, also considered to
be due to a dose-rate effect on the mutation process.
The most significant features of the results, from the point of view of human

hazards, are, first, that there is, at present, no evidence that females are less sensi-
tive than males and, second, that the finding of a dependence of mutation frequency
on radiation dose rate, now extended from males to females, applies to those germ
cell stages that are important in human hazards.

The authors are grateful to Miss E. M. Kelly and Mrs. K. F. Stelzner for their
extensive assistance in this experiment.

* Operated by Union Carbide Nuclear Company for the United States Atomic Energy Com-
mission.

1 W. L. Russell and E. M. Kelly, Science, 127, 1062, 1958.
2W. L. Russell and L. B. Russell, Proc. Second Intern. Conf. on Peaceful Uses of Atomtic Energy

(Geneva, 1958) (in press).



VOL. 45, 1959 GENETICS: SHAW AND VERMUND 23

3 W. L. Russell, L. B. Russell, and E. F. Oakberg, in Radiation Biology and Medicine, ed. W. D.
Claus (Reading, Mass.: Addison-Wesley Publishing Co., Inc., 1958), chap. viii.

4 W. L. Russell, L. B. Russell, and E. M. Kelly, Science (in press).
5 E. F. Oakberg, Proc. Tenth Intern. Congr. Genetics, 2, 207, 1958.
6 W. L. Russell, L. B. Russell, J. S. Gower, and S. C. Maddux, these PROCEEDINGS, 44, 901-905,

1958.
7 L. B. Russell and M. K. Freeman, Radiation Research, 9, 174-175, 1958.
8 T. C. Carter, Brit. J. Radiol., 31, 407-411, 1958.
9 W. L. Russell, Cold Spring Harbor Symposia Quant. Biol., 16, 327-336, 1951.

10 H. J. Muller, in Radiation Biology, Vol. 1, ed. A. Hollaender (New York, N.Y.: McGraw-Hill
Book Co., Inc., 1954), chap. viii.

11 W. L. Russell, J. W. Bangham, and J. S. Gower, Proc. Tenth Intern. Congr. Genetics, 2, 245-
246, 1958.

12 B. Glass, Brookhaven Symp. Biol., 8, 148-167, 1955.
13 M. L. Alexander, Genetics, 39, 409-428, 1954.
14 B. Glass and R. K. Ritterhoff, Science, 124, 314-315, 1956.

MODIFICATION OF IRRADIATION EFFECTS IN THE PIGEON,
COLUMBA LIVIA. I. EFFECTS OF HOMOLOGOUS AND
HETEROLOGOUS BONE MARROW TRANSPLANTS*

BY DONALD H. SHAW AND HALVOR VERMUND

DEPARTMENT OF GENETICS AND DEPARTMENT OF RADIOLOGY,
UNIVERSITY OF WISCONSIN

Communicated by M. R. Irwin, November 24, 1958

INTRODUCTION

Previous investigations have demonstrated that the lethal effects of total-body
roentgen irradiation on mammals (mice, rats, rabbits, and guinea pigs) can be
modified by isologous, homologous, or heterologous bone marrow transplanta-
tion.1,10,ll These modifications appear to depend upon (1) the establishment and
proliferation of the hematopoietic elements of the transplant and (2) either partial or
complete repopulation of the host's depleted hematopoietic system by the cells pro-
liferating from the graft.3'4'7'8
The present report includes preliminary findings of experiments in which homol-

ogous and heterologous bone marrow injections were administered to pigeons pre-
viously subjected to 2,500 rads (approximately the LD1oo/30) total-body X-irradia-
tion. The evidence indicates strongly that partial and eventually total repopula-
tion of the erythrocytes results from the homoglous and heterologous transplants.
Also, host-species-specific hemagglutinins (hemagglutinins specific for the erythro-
cytes of host species) appeared in the circulation of irradiated pigeons which re-
ceived heterologous bone marrow.

MATERIALS AND METHODS

Dosage response studies have shown that the LD50/30 for the pigeon is approxi-
mately 2,050 rads and that the effective LD100/30 was 2,500 rads. These studies also


