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ABSTRACT 

Spontaneous mutation rates at ten allozyme loci on chromosomes I1 and 
I11 of Drosophila melanogaster were studied. Over the three and a half years 
study, one a-GPD mutation and two different IDH mutations were obtained. 
The a-GPD mutation was inherited in the Mendelian fashion, as expected. The 
two IDH mutations were peculiar in that the band of new types appeared only 
in females. In males, only the original bands were stained, and the positions 
where mutant alleles’ bands should be present were blank. Both IDH mutant 
homozygotes appeared as null allele homozygotes, while in females clear-cut 
single bands were present.--The rates of spontaneous mutation vaned 
greatly. Eight loci studied (MDH, ADH, EST-6, APH, EST-C, ODH, XDH, 
AO) did not give any gern-line mutation. The average germ-line mutation 
rate over all ten loci was estimated as 4.5 x IW. This rate is considerably 
smaller than that for sex-linked recessive visible mutations (MULLER, VALEN- 
c14 and VALENCIA 1950), but it is somewhat less than autosomal recessive vis- 
ible mutations (GLASS and RITTERHOFF 1956). 

EXTENSIVE survey studies of electrophoretically detectable allelic differences 
have been reported by the single fly assay technique of JOHNSON (1966) in 

several Drosophila species; HUBBY and LEWONTIN (1966) using Drosophila 
pseudoobscura; STONE et al. (1968) using D. ananpssae; and KOJIMA, GILLESPIE 
and TOBARI (1970) using D. melanogaster, D. simulans, D. af inis  and D. atha- 
basca. In  these studies, it became apparent that many loci were segregating for 
two to seven, or in some cases, more alleles. The pattern of allele distributions 
greatly varied from one locus to another. However, there were some loci where 
the mutation-selection balance mechanism might be the cause of maintaining 
multiple allelic situations, provided mutation occurs relatively frequently, say 
at  the order of (STONE et al. 1968). Thus, a study of mutation 
rate for this class of genes seemed to be a worthwhile task. 

or even 

This noik  was supported by AEC AT-(40-1)-3681 and USPHS Grant GM 157GY to K Kojima at the University of 
Texas at .\ustm. 

a Peimanent address. Department of Biology, Tokyo Metropolitan University, Setagaya ku, Tokyo, Japan 
Deceased November 14, 1971. 
The passing of Dr. KOJIMA is a serious loss to the science of Genetics. His numerous papers, 

due to their originality and conceptual freshness have had a strong influence on the recent devel- 
opments of population genetics, and will ensure him a lasting memory in the annals of our 
science. Editor. 

Genetic. io: 397403  March 1972 



398 Y. N. TOBARI AND K.  KOJIMA 

MATERIALS AND METHODS 

There were three series of studies, one using a homozygous line with respect to a-glycero- 
phosphate dehydrogenase ((U-GPD), malate dehydrogenase-1 (MDH), and alcohol dehydro- 
genase (ADH) on the Chromosome 11; the second using a single third chromosome extracted 
from the Canton-S (Series A);  and the third using a single third chromosome extracted from 
the Swedish-c stock (Series B). The loci studied in the last two series were isocitrate dehydro- 
genase (IDH), esterase-6 (EST-6), adult alkaline phosphatase (APH), esterase-C (EST-C), 
octanol dehydrogenase (ODH), xanthine dehydrogenase (XDH), and aldehyde oxidase (AO). 

The method of extracting one chromosome I11 from Canton-S and that from Swedish-c was 
analogous to the Cy/Pm method (e.g. see WALLACE 1968, page 34). In the place of Cy/Pnt, a third 
chromosome balancer line, Sb/Ubzl30, was used. To make sure of this procedure, the following 
diagram may be helpful. Hereafter the Ubzl30 chromosome will be referred to by Ubz for the 
sake of simplicity. 

GO 

where p stands for virgin female. 
or f') 

before generation Go. However, after the Go generation, they will diverge gradually by accumu- 
lating mutations at an increasing numbesr of loci. In any mating, the chromosome containing S b  
was used in the male side only. To simplify the notations, these two chromosomes will be de- 
noted as Sb and Ubz. One of the reasons for choosing these two chromosomes was that they con- 
tained the same alleles as those in Canton-S and Swedish-c with respect to all loci studied. This 
feature made detection of mutants (occuring as hetero'zygotes) much easier. The choice of mul- 
tiple homozygous lines should also make easy to spot a potential contamination. For this reason, 
three potentially usable loci were not included. 

For each line, three pair matings of the above type were made in three separate vials to avoid 
losing the lines. However, whenever 13s inevitably occurred in existing vials of a given line, an 
extra vial of a successful cross (producing Ubx, Sb, + and Sb/Ubx phenotypes) was substituted. 
The above scheme of line maintenance is most efficient in that all detectable mutations on all 
four chromosomes (+i, +j, Sb,, U b z i )  can be identified for each line. An average of 101 lines 
were maintained through generation 28 for Series A and 152 lines for Series B. Thust the total 
number of allelic generations per locus was (28 x 101 x 4) = 11,312 for  Series A, whereas the 
corresponding number in Series B was (28 x 152 x 4) = 17,024. 

After generation 28, the above method of maintaining Series A and Series B, in addition to 
the chromosome I1 study, became too laborious for the number of personnel available. There- 
fore, a simpler but less efficient method was introduced. (This method was similar to Mukai's line- 
maintaining method, MUKAI 1961.). First, the third chromosomes of the original Canton3 and 
Swedish-c were replaced by those of the Sb/Ubx stock initially used. These two new- sets of 
Sb/Ubx lines were mass-cultured in many replicates, and they were spaced in time so that 
numerous Sb/Ubx virgins could be collected at any time. The line-maintaining crosses were 
either Sb/Ubx 0 x Ubx/+ 3 or Sb/Ubz 9 x Sb/+ 8. This method allows easy maintenance 
of one f chromosome per line, per generation. This method was applied to Series A from gen- 
eration 29 to 73, and to Series B from generation 29 to 74. The average number of lines main- 
tained in Series A was 102 per generation, and the corresponding number in Series B was 143. 
The number of allelic generations per locus was 4,590 for Series A, and the corresponding num- 
ber for Series i3 was 6,578. These numbers are actual counts which include some extra alleles 

It is important to  note that f i  and +j were one identical chromosome (either 
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tested in sublines once in a while. Therefore, they are slightly over 102 x 4sE = 4488 and 143 x 
45 = 6435. 

At generation 73 in Series A and generation 74 in Series B, the line maintenance method was 
changed to the previous system of Ubx/+,  9 x Sb/+j 8 for the last four generations before 
the termination of Series A and Series B. This switchback was accomplished by using the chro- 
mosomes in the lines maintained. From a Sb/Ubx 9 x Ubx/+,  8, three Sb/+,  8 8 sons were 
saved, and from a Sb/Ubx 4 x Sb/+, $, three Ubx/+,  9 9 daughters were collected. As in 
the case of the previous diagram and the explanations accompanying it, chromosomes Sk will 
diverge again. They were mated to make three U6x/+ 9 x S6/+ 8 lines. The numbers of 
allelic generations per locus in this stage were 8616 for Series A and 9832 for Series B. 

Thus, the total number of allelic generationsflocus was 24,518 for Series A and 33,4434 for 
Series B. If the Series are combined, the total number of allelic generatiom/locus is 57,952. 

The method of maintaining second chromosomes was quite different. From the single initial 
chromosome I1 extracted. about ten small mass cultures (essentially full- and half-sib matings) 
were initiated, and they were staggered in time to facilitate later collections. Whenever the avail- 
ability of time and equipment was foreseen, one hundred virgin females and one hundred males 
were extracted from one or two of these mass cultures, and were pair mated. This set of 200 flies 
represented the check individuals, and this set was called generation Go. Subsequent to egg lay- 
ing, these individuals vvere assayed electrophoretically to insure the absence of electrophoretic 
variants at the three loci studied. (There were no variants in 33 such tests conducted over a three- 
year period, so that any variants occurring in the progeny generation G, could be assumed to be 
new mutants.) 

From each of the 100 pair matings, five virgin females and five males were extracted, and 
were pair mated. After they produced progeny, all loo0 GI flies were assayed. If there were no 
variants, all progeny (the G, generation) were discarded. If variants were found in the G, 
generation, then G, flies of the variant parents were employed to conduct genetic tests. In 33 
such tests, there was some variation in the number of lines tested. Consequently, the number of 
G, flies actually tested [according to the plan, the number is (5 9 9 + 5 8 8 ) x 100 X 331 
was 41,WO instead of 33,000. Thus, the number of alleles tested was 88,080 per locus in the sec- 
ond chromosome study. 

The three methods of maintaining genetic stocks described above had one important feature 
in common. All three methods allowed the distinction between genuine mutations and possible 
contaminants. The possibility of contamination was avoided by careful control of parental geno- 
types to be expected in each of the first two mating methods. For the third method, it was pos- 
sible to rub out all but newly arising mutations by discarding any progeny whose parents ex- 
pressed a mutant. No evidence of contamination was encountered in any of the three studies. 

RESULTS 

From the types of mutation rate studies described, three kinds of mutational 
phenomena may be observed: gametic mutation, somatic mutation, and germ- 
line cluster mutation. The first is characterized by an individual of original ho- 
mozygous genotype which gives rise to a single mutant heterozygous progeny, 
which in turn shows more or less regular Mendelian segregation. The second is 
characterized by a homozygous individual which gives rise to a single mutant 
heterozygote progeny, which, in turn, gives progeny only of the original homo- 
zygous genotype. The third is Characterized by a homozygous individual which 
gives rise to several mutant heterozygote progeny (from one mutational event in 
the reproductive process) each of which produces progeny in normal Mendelian 
ratios. One expects to detect this last class only in the chromosome I1 study. How- 
ever, the net effetc of gametic mutation and germ-line cluster mutation are the 
same and should be counted as one mutational event. 
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In the entire study, one gametic mutation was found at the a-GPD locus and 
two at the IDH locus. The latter two are different electrophoretic mobilities. No 
gametic mutation was detected at the other eight loci. The a-GPD mutant be- 
haved just as expected for a Mendelian mutant allele in subsequent tests. The 
(U-GPD mutant allele was denoted as “S” as opposed to the original “F”. This 
mutant is being kept in the heterozygous condition in the form of Cy/+s, where 
the Cy chromosome carries an F allele and the chromosome carrying S is denoted 
as +,. The heterozygotes show a three-banded pattern when the gel is run for a 
long period of time, indicating that the enzyme is normally a dimer. 

The faster IDH mutant is denoted as F ,  and the other IDH mutant as M ,  be- 
cause the allele in Swedish-c was the slowest in its allozyme’s mobility (S allele). 
Thus, there are three alleles, F ,  M ,  and S,  in the IDH study. As one might ex- 
pect, M and F occurred in different lines. However, both IDH mutants exhibited 
strange behavior which baffled us for several months. Both mutants occurred in 
Swedish-c chromosomes (Series B) , but their heterozygotes with the Swedish-c 
chromosome, F/S and M / S ,  showed only the slow band in males. In other words, 
the M and F bands do not stain in mdes. This peculiar sex-limited expression 
was discovered when the original line-maintaining method Ubx/+, P x Sb/+, 8 ,  
was reinstituted. In one of the lines, Ubx/+,  females and their +J+, sisters 
were all double banded, but none of their male sibs appeared to be double banded. 
Only the original S band appeared in males. When this particular M chromo- 
some was made homozygous, the females were single banded at the M position, 
but the males did not stain at all or sometimes only as a faint streak line at the 
M position. That is to say, the males of mutant homozygotes looked as if they 
were null for this locus. 

The F mutant was also sex limited as mentioned above. The females of F / F  
had a single band which migrated significantly more than the single band of 
M / M  females. The M / F  genotype in females appeared as a double band at the 
positions expected, but the males of the same genotype did not stain. The F/S 
females showed another strange phenomenon, namely a three-banded system. 
Among all the IDH genotypes, F/S females are the only ones with such a hybrid 
band. Thus, in summary, F/F ,  M / M ,  S /S  females, and F/S, M / S ,  S/S males are 
single banded, all males showing only the S band; F/M and M / S  females are 
double banded; F/S females are triple banded; F/F ,  F/M and M / M  males show 
no bands. 

All the zymograms of a-GPD and IDH mutant phenotypes are presented in 
Figure 1. The relative positions of the bands are approximately correct within 
each system. 

Table I-a shows the individual mutation rates for each locus and the average 
rate for the 10 loci. The latter is approximately 4.5 X However, it appears 
that the heterogeneity of mutation rates is considerable. At the IDH locus, the 
rate is 3.4 x Mutation rates at 
all other loci are so low that no mutation was detected in this study. The rate, 
3.4 x is evenly divided into that for two different mutants, F and M .  Thus, 
for a given type, the rate is 1.7 x this means that the mutation rate at the 

at the (U-GPD locus, the rate is 1.1 x 
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TABLE 1 

Chromosome I1 Chromosome I11 

a: GERM-LINE MUTATIONS 
Loci (U-GPD ADH MDH IDH EST-6 EST-C ODH X D H  A P H  A 0  
Mutations 1 0 0 2 0 0 0 0 0 0 
Rates l/SS,OSO 0 0 2/57,952 0 0 0 0 0 0 

Overall posled rate = 3/669,904 = 4.5 x 10-6 
b: BODY MOSAICS 

Loci (U-GPD ADH MDH IDH EST-6 EST-C ODH X D H  APH A 0  
Mutations 0 0 0 0 0 1 1 0 3 0 
Rates 0 0 O* 0 0 1/57,952 1/57,952 0 3/57,952 0 

* 88,080 alleles per locus. 

a GPD Phenotypes 

Origin 

I D H Phenotypes --- 

S/S MIS M/M F/F F/S F/M 

7 
I I  
I 1  
'I I 

1 1 1  I 
I I 1  I 

S / S  F/F 
M/S F/M 
F/S M/M 

-Females- t M  ales+ 
FIGURE 1.-Top: Zymograms of F / F ,  F / S  and S/S at the (U-GPD locus. The S allele is a 

mutant. Bottom: Zymograms of S/S, M / S ,  M / M ,  F / F ,  F / S  and F / M  in females and those in  
males. The M and F alleles are mutants. 



402 Y. N. TOBARI A N D  K. KOJIMA 

IDH locus is approximately 1.5 times the rate at the wGPD locus for a given 
type mutation. 

Table 1-b gives the number of somatic body mosaics (the parent was unmis- 
takably classified as a mutant heterozygote, but none of his or her progeny had 
the mutant alleles). The rate is considerably higher for this kind of “mutation.” 
The Est-C body mosaic was double banded. The higher band appeared to be the 
one found in nature in low frequency. The APH mosaics (all 3 mosaics had 
different zymograms) were not identifiable with known melanogaster variants. 
I n  the case of body mosaics, only clear cut zymograms were counted so that the 
rate may be an underestimate. For example, there were a few cases of null-like 
mosaics at the APH locus and ODH locus. But being body mosaics, it was felt 
that they should be ignored from the count. 

DISCUSSION 

The discovery of sex-limited expression of IDH mutants in zymograms cannot 
be explained at this stage. Nevertheless, this is a real phenomenon. In  an inde- 
pendent study of mutation induction by heat shock, PHILLIP SWARTZ, in KOJIMA’S 
laboratory, has produced two IDH mutants which show the same peculiarity. A 
full account of his results will be published in the near future. At this point it 
is impossible to propose a solid explanation for this phenomenon. 

MUKAI (1970) reported his preliminary mutation rate at the ADH locus. His 
figure was one mutant in about 8.6 x lo4, while it is zero in about 8.8 x 10” in 
this study. However, his preliminary overall figure on three loci on the second 
chromosome is 4 x which is extremely similar to the overall estimate 
obtained in this study. Whether this is just a coincidence or not, cannot be decided 
at this time. Whenever such a small value as a mutation rate becomes a subject, 
i t  is very difficult to obtain a reliable figure even with a great amount of effort 
and time. 

Finally, seven of the eight loci showing no mutation are usually polymorphic 
in nature, and mutation-selection balance, therefore, seems an unlikely mecha- 
nism for the maintenance of natural variants at these loci. Low frequency alleles 
at the a-GPD and IDH loci could be accounted for by the mutation-selection 
balance. However, no effort was made to identify new mutants of this study with 
naturally existing low frequency alleles. 
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