References and Notes

1. F. M. Child, Exp. Cell Res. 18, 258 (1959);
S. A. Burnasheva, M. V. Efremenko, M.
N. Lyubimova, Biokhimiya 28, 547 (1963).

2. 1. R. Gibbons, Proc. Nat. Acad. Sci. U.S. 50,
1002 (1963); Arch. Biol. Liége, in press.

3. C. E. Hall, J. Biochem. Biophys. Cytol. 1,

613 (1960). Hall, who measured particle

width, reports a correction of 60 A for

lateral growth of shadow-casting metal; in
our experiments, we have measured shadow

width and have found a correction of 40

to be appropriate, ferritin being used as a

control.

. R. Markham, J. H. Hitchborn, G. J. Hills, S.

Frey, Virology 22, 342 (1964).

5. H. E. Huxley, J. Mol. Biol. 7, 281 (1963).

6. S. M. Klainer and G. Kegeles, J. Phys. Chem.
59, 952 (1955); K. E. Van Holde and R. E.
Baldwin, ibid. 62, 734 (1958).

7. Routine conditions for adenosine triphos-
phatase assay were 1 mM ATP, 1.2 mM
MgS0s, 0.17 mM EDTA, 30 mM tris-HCl1
buffer, pH 7.8, 20°C. When appropriate,
CaCl: was substituted for MgSQs, or other
substrates were substituted for ATP, on an
equimolar basis. Protein assays were per-
formed by the Lowry method, bovine serum
mercaptalbumin being used as standard (2).

8. I. R. Gibbons and A. V. Grimstone, J.
Biophys. Biochem. Cytol. 1, 697 (1960); J.
André, J. Ultrastruct. Res. 5, 86 (1961).

9. A. G. Loewy, J. Cell. Comp. Physiol. 40, 127
(1952); 'P. O. P. Ts’o, L. Eggman, J. Vino-
grad, Biochim. Biophys. Acta 25, 532 (1957).

10. A. M. Zimmerman, Exp. Cell Res. 20, 529
(1960); D. Mazia, R. R. Chaffee, R. M. Iver-
son, Proc. Nat. Acad. Sci. U.S. 47, 788
(1961).

11. A. G. Szent-Gyorgyi, in Structure and Func-
tion of Muscle, G, H. Bourne, Ed. (Academic
Press, New York, 1960), vol. 2; H. Hoffmann-
Berling, Biochim. Biophys. Acta 19, 453
(1956); M. Bettex-Galland and E. F. Liischer,
Advan. Protein Chem. 20, 1 (1965).

12. We thank Dr. J. T. Edsall and Dr. K. R.
Porter for the use of equipment in their
laboratories. Supported by PHS grants GM
12124-01 and 1-K3-GM-21,937-01.

21 April 1965

N

Radiation-Induced Increasés in
Fitness in the Flour Beetle
Tribolium confusum

Abstract. Polygenic mutations were
induced in an inbred strain of Tribol-
ium confusum by exposure to 500
roentgens of gamma radiation. Female
progeny of irradiated males bearing in-
duced mutations in the heterozygous
state produced significantly more viable
offspring than control female progeny
of nonirradiated males.

Wallace (1) demonstrated that the
genetic fitness of x-irradiated organ-
isms under certain conditions is in-
creased. He found that mutations, in-
duced in the second chromosome of
Drosophila by an x-ray dose of 500 r,
brought about a significant net increase
in viability for the bearer in the heter-
ozygous condition. Wallace used a Cy
L/Pm balanced lethal stock to facili-
tate the isolation and maintain the in-
tegrity of individual second chromo-
somes from wild populations of Droso-
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phila. He compared the viability of
flies homozygous for a specific wild-
type second chromosome with that of
flies carrying wild-type second chromo-
somes identical except for mutations in-
duced in one of the homologues. He
interpreted this observed net increase
in viability as indicating that radiation-
induced polygenic mutations, most of
which would be deleterious in the
homozygous condition, produced suf-
ficient cumulative heterotic effects in
the heterozygous condition to more
than counterbalance induced, dominant,
deleterious mutations (/-3). Contrary
views and experimental evidence inter-
preted as a contradiction of Wallace’s
results have been reported by Falk (4)
and Muller and Falk (5). We have
tested the hypothesis of Wallace in a
different genetic system, that of Tribo-
lium confusum (6). Heterozygosis was
induced by irradiating males of an in-
bred strain (Berkeley CF I 1) and
crossing them with full-sibling nonir-
radiated females. Female progeny of
this cross, having received an irradi-
ated set of chromosomes from the
male parent, would be heterozygous for
any mutations induced in the gonial
cells at loci homozygous in the inbred
strain and transmitted to them.
Irradiated males and their mates
were taken as pupae from the 38th
generation of a strain perpetuated by
crosses between full siblings with a
theoretical coefficient of inbreeding (F)
far in excess of 0.99. Experimental and
control beetles were taken from a series
eclosing during a single week. Between
1 and 2 weeks after eclosion, 16 male
parents were irradiated in a single dose
with 500 r from a Co% source of v-
rays. An equal number of control male
parents received identical treatment ex-
cept for irradiation itself. Immediately
after irradiation, irradiated and con-
trol males were placed with genetically
marked females for a period of 2 weeks
to permit mating and consequent ex-
haustion of irradiated spermatozoa,
spermatids, and spermatocytes. Then,
the irradiated and control male parents
were paired with full-sibling. females.
Pairs were maintained in individual
vials with whole-wheat flour as the
medium, and were transferred to fresh
medium weekly for 7 weeks. The sex
of the progeny of irradiated and non-
irradiated males was determined in the
pupal stage; the sexes were isolated
and allowed to mature for 1 week fol-
lowing eclosion. Before the test cul-

tures were established, beetles were
maintained at approximately 29°C and
70 percent relative humidity on a diet
of whole-wheat flour supplemented
with killed and dried yeast (5 percent),
except when being irradiated, trans-
ferred, or otherwise handled.

Test cultures were set up in petri
dishes (60 mm in diameter by 15 mm
deep) in 7 g of medium; each culture
consisted of three males (of nonirradi-
ated parents) and three females. The
females in experimental cultures were
progeny of irradiated males; those in
control cultures were progeny of non-
irradiated males. In order to maintain
identical relationships between mates
in experimental and control cultures,
males and females within a culture
were never siblings but were descend-
ants of the same grandparents—that
is, double first cousins. Fifty experi-
mental and fifty control cultures pro-
vided the basis for comparison of pro-
ductivity. Cultures were established as
rapidly as young adults became avail-
able, with no attempt to have all
parental pairs equally represented in
cultures. Thus, parental pairs provided
progeny for cultures in direct propor-
tion to their own productivity.

Adults of test and control cultures
were transferred weekly to petri dishes
containing fresh medium. The measure
of fitness recorded was total live prog-
eny (adults and pupae) surviving 8
weeks after the parents were removed
from a given culture. By this time, and
under the experimental conditions em-
ployed, all but a very few pupae had
completed metamorphosis. According-
ly, the component of fitness measured
was compounded of adult fecundity, egg
fertility, and progeny viability under
conditions which allowed minimum
competition and reduced the possibility
of cannibalism. , .

Two points of importance are note
here: (i) test and. control cultures
were maintained purposefully at sub-
optimal conditions (25°C and low, vari-
able room  humidity), and (ii) the
progeny counts that were compared
were -based on the productivity of cul-
tures during the first 3 weeks.

On the basis of total productivity
for the 3-week test period, cultures con-
taining female progeny of irradiated
males produced a mean of 135.28 prog-
eny per culture. By comparison, con-
trol cultures containing female prog-
eny of nonirradiated males produced a
mean of 118.34 progeny per culture.
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This amounts to an increase in pro-
ductivity by progeny of irradiated males
of 14.3 percent over control produc-
tivity. An analysis of variance test in-
dicated that the observed difference
was significant (F = 5.99; p < .02).

Analyses of weekly counts indicated
that the important differences between
experimental and control cultures oc-
curred in the number of progeny pro-
duced during the 2nd and 3rd weeks
(Table 1). Productivity for the 1st
week was similar for experimental and
control cultures, with the latter produc-
ing almost 7 percent more progeny
than the experimental cultures. The
difference, however, was not significant
(F = .86; p > .3). For the 2nd and
3rd weeks, the female progeny of ir-
radiated males produced, respectively,
22 percent and 23 percent more prog-
eny than the controls. For these two
comparisons, the differences are highly
significant (p < .005 in both cases;
F = 11.41 and F = 9.46, respectively,
for week 2 and week 3).

The similarity of the productivity of
experimental and control cultures dur-
ing week 1 is interpreted as indicating
that the two groups may increase to
maximum productivity (in the 2nd
week) at about the same rate. That is
to say, experimental and control groups
may exhibit similar initial rates of ac-
celeration in productivity of progeny,
but controls may attain their maxi-
mum daily productivity rate (and cease
acceleration) at a lower level (and
earlier) than experimental cultures.
Differences between the productivity
means of the experimentals and the
controls during weeks 2 and 3 are
largely responsible for the observed
differences in total productivity. From
statistical analyses of these differences,
it is concluded that they reflect real
differences in ability to produce viable
progeny. The increased productivity of
female progeny of irradiated males is
interpreted as being due to the effects
of induced polygenic mutations in the
heterozygous condition, and thus to
overdominance. The possibility that
such induced increases in productivity
may be due to dominance (complete
or incomplete), while not precluded
by the experimental design employed,
is taken as improbable. Such a hy-
pothesis would require that radiation-
induced dominant mutations resulting
in increased fitness either are more
frequent or exhibit higher expressivity
than induced dominant deleterious mu-
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Table 1. Mean weekly productivity of live
offspring per culture by female progeny of
irradiated males (experimental) and female
progeny of unirradiated males (controls), 50
replicates in each set.

Mean productivity = S.E.
Week 1 Week 2 Week 3

Experimental culture
31.14 = 1.69 55.68 =2.07 48.46 = 2.22

Control culture

3324 =152 4570 =2.10 39.38 = 1.94

tations. On theoretical grounds, it seems
rather unlikely that such is the case.

A test period of 3 weeks was chosen
on the basis of high positive correla-
tions between pair productivity during
the first 3 weeks and pair productivity
during the subsequent 3 weeks for both
irradiated and control cultures in a
series of experiments, It was established
in earlier studies by Crenshaw and
Lerner (7) that the productivity rate
of inbred strains of T. confusum was
maximum and more or less constant
during the first 6 weeks, and fairly
closely correlated with total productiv-
ity. The strain employed in the study
described here, CF I 1, appears to
terminate its productivity period at
about 14 weeks after eclosion.

We also examined the possibility that
the high productivity of progeny of ir-
radiated males might reflect the effect
of a less crowded environment in the
larval stages for experimental than. for
control females. Counts of the progeny
produced by irradiated and control
males revealed that the irradiated males
actually produced more progeny, al-
though not significantly so, than non-
irradiated sibling males. Thus, control
rather than experimental progeny would
be expected to receive any benefit to
be derived from the slight difference in
crowding between the two groups. Care
was taken to rear all animals under
relatively uncrowded conditions.

In the experiment described here, the
beetles were kept under conditions
(25°C and low, variable relative humid-
ity) that are different from and result
in lower productivity of progeny than
the conditions (29°C and 70 percent
relative humidity) under which stocks
are maintained. In an earlier experi-
ment in which the beetles were kept
under suboptimal conditions, unusually
high (but not significant) differences
were found between the productivity of
progeny of irradiated males and the
(lower) productivity of controls. In a
series of experiments conducted over

the past 3 years under standard condi-
tions, the progeny of irradiated males
have always shown higher “face-value”
productivity (not significantly so in any
single experiment) than progeny of
control males. However, the difference
between the experimental and control
animals has never been as great rela-
tively as in the experiments carried out
under suboptimal conditions, both in the
earlier study and that described here.
It seems reasonable to infer that in-
duced polygenic overdominance may
be of even greater fitness value to the
bearer under conditions of stress than
under normal conditions. These results
support the conclusion that induced
heterozygosity may increase fitness, and
suggest that the overdominance induced
may be of especial value in providing
the bearer with genetic flexibility that
permits greater adaptive response to
changed environmental conditions.

The relative magnitude of the differ-
ence between the performance of ex-
perimental cultures and that of controls
reported here far exceeds that found
by Wallace (I, 3) in his studies, and
may be accounted for, in part, by the
fact that Wallace’s experiments were
carried out under standard laboratory
conditions whereas ours were not. It is
also quite possible that the observed
differences reflect inherently different
responses to radiation by Drosophila
and Tribolium. An additional factor
that may be of importance is that Wal-
lace induced heterozygosity in only
one otherwise homozygous chromo-
some pair while other chromosome
pairs in the experimental and control
flies were not homozygous. In our in-
vestigation, all chromosome pairs were
homozygous except for radiation-in-
duced mutations present in an entire
genome of the test females.
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