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ROM recent studies of experimental population genetics, it has become appar- 

ent that a great amount of genetic variability is stored in heterozygous condi- 
tion in natural populations of several species of Drosophila, and it is important 
to clarify whether this genetic variation has been chiefly maintained by the 
balance between mutation and selection pressures or by the superior fitness of 

heterozygotes relative to homozygotes. 
MULLER (1950) argued that mutant genes with less extreme effects would 

tend to show more dominance than lethals and near lethals. GREENBERG and 
CROW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1960) directly analyzed WALLACE’S apparently equilibrium experimental 
populations (1956) and a wild Madison, Wisconsin, population of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. melano- 
gaster, and calculated the magnitudes of homozygous loads due to lethal genes 
( L )  and detrimental genes ( D )  , using their own data as well as those already 
published by other investigators. Based upon the D:L ratio, they suggested that 
“either (1) mutants m t h  small effects occur with no greater frequency than 
lethals, or  (2) they have more dominance than lethals and hence are eliminated 
relatively more rapidly as heterozygotes.” “he second suggestion corresponds to 
MULLER’S idea (1950). ‘MUKAI (1964) has reported an extremely high mutation 
rate per chromosome of polygenes controlling viability. Therefore, the first sug- 

gestion of GREENBERG and CROW (1960) can be eliminated. GREENBERG and 
CROW (1 960) have suggested that, in comparing mild detrimentals with lethals, 
hs is more nearly constant than h, where h stands for the degree of dominance 
of mutant genes and s is the selection coefficient against mutant homozygotes. 

On the other hand, VVALLACE (1958) has tentatively concluded, on the basis 
of the increase in mean viability of heterozygotes with respect to radiation- 
induced mutations in an otherwise homozygous genetic background in D. melano- 
gaster, that “on the average an individual member of the Drosophila population 
studied is heterozygous for genes at 50 percent or more of all loci,” and has 
reported additional data which might support this conclusion (WALLACE 1963). 
In addition, correlation analysis with respect to viabilities of homozygotes and 
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corresponding heterozygotes in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmelanogaster (BAND and IVES 1363; WALLACE 
and DOBZHANSKY 1962), D. pseudoobscura (DOBZHANSKY and SPASSKY 1963), 

and D. wiZZistoni (KRIMBAS 1959) have been interpreted by these investigators 
as showing a balanced load (segregation load of CROW 1958) in natural popula- 

tions. However, KIMURA and CROW (1 964) have questioned the universality of 
over-dominance for strongly selected genes in natural populations on the basis 
of the calculation of genetic load. 

For a locus maintained by equilibrium between mutation and selection, the 
homozygous load becomes p/h per locus where p stands for mutation rate 
(MORTON, CROW, and MULLER 1956). If our estimate of total polygenic mutation 
rate, namely 0.141 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 per second chromosome per generation in D. melanogaster 
(MUKAI 1964) is correct, h should be extremely large in comparison to that for 
lethal genes (0.01-0.015 CROW and TEMIN 1964), because the approximate range 
of the D : L  ratio was between 0.5 and 1.0 (GREENBERG and CROW 1960) and the 
lethal mutation rate was 0.0063 per second chromosome per generation. On the 
contrary, the experimental results of WALLACE (1958) and ourselves, (MUKAI, 
CHIGUSA, and YOSHIKAWA 1964; MUKAI, YOSHIKAWA, and SANO 1966) indicate 
that his negative in a homozygous genetic background. 

In the hope of reconciling this difference, 'we have conducted several experi- 
ments. The first (MUKAI, CHIGUSA, and YOSHIKAWA 1965) led to the hypothesis 
that there is an optimum level of heterozygosity and that overdominance prevails 
only below this level. Since this optimum is rather small, it is exceeded by most 
cross-fertilizing populations so that new mutants are generally not overdominant 
in their original populations. 

In addition, we have evidence suggesting a second factor which restricts the 
expression of overdominance in natural populations, namely an apparent COU- 

pling-repulsion difference. This is the subject of the present paper. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA preliminary 
report on this subject has been published in MUKAI and YAMAZAKI (1964). 

MATERIALS A N D  METHODS 

A single male Pm/+, from the cross Cy/€" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx +/+ (W160S : an isogenic wild-type stock 
derived from DR. BURDICK'S W160-pol) was sampled and multiplied by the cross Cy/Pm ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0 ) 
x Pm/+, ( 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ) and 104 lines of C y / P m  x I"/+, ( i  = 1, 2, . . . , 104.) were established. The 
genetic background of Cy/Pm is the same as that of W16OS. In each line, the second chromosome 
has been maintained through a single male by the cross Cy/Pm ( 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 P ) x P m / f ,  (1 8 ) in a 

3cm x 10 cm vial. Since Cy/Pm females were obtained from the original bottle population in 
every generation, the accumulation of mutations on the Cy chromosome is not serious. In fact, 

it has been proven that new mumtations are slightly deleterious in heterozygous condition in 
inter-population crosses (MUKAI, CHIGUSA, and YOSHIKAWA 1965), so that new mutations would 
not be accumulated at a high frequency in  the Cy/Pm stock. Details of the experimental ma- 
terials and methods for the accumulation of mutant polygenes have been reported in a previous 
article of this series (MUKAI 1964.). In  Generations 32, 52, and 60 homozygous and heterozygous 
viabilities of these chromosome lines were tested. 

Homozygous viability was tested by WALLACE'S Cy method (1956). Five pair matings 

Cy/+, X Cy/+i were conducted with several replications in each line. In the offspring, the 
expected percentage of wild-type flies was 33.3% in the absence of mutation and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0% in the 
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presence of recessive lethal mutations. The percentages of wild-type flies were employed as 

viability indices throughout the experiments. 

The viabilities of flies heterozygous for chromosomes from different lines were tested in 

Generations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32 and 52. Two mating schemes were used in order to secure random combinations 

of the chromosomes from diflerent lines, namely, 1. Cy/fi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ) x (5 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ) crosses 

between lines having successive line numbers (1x2, 2x3, 3x4, . . .) and 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC y / S i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(50 9 )  X 
Cy/+,+, (56 8) crosses betwecn lines having alternate line numbers (1x3, 2x4, 3x5, 4x6, 
. . . ). The former scheme is called, for the sake of convenience, Cross RS, and the latter, Cross 

RA. It has been proven that the viability of the Cy heterozygote is almost the same regardless 

of which second chromosome from a given population is used. Homozygously lethal and semi- 

lethal lines, supposedly due to major genic mutations, and their heterozygotes were disregarded 

in the present experiment. 

Heterozygous viabilities of these chromosome lines with a chromosome supposed to be identical 

to the original chromosome [WO) were tested by the cross +,,/+,, ( 7  0 9 ) x Cy/+, (5  8 8 ) 
in Generations 32 and 60, since the standards are always the same (Cy/+,,) in the estimation of 

the viability in the offspring. Line 92 was chosen for this purpose, because the results from the 

preliminary test just before the experiments showed that its viability in  homozygous condition 

was normal. 

In  addition t3 the estimation of homszygote and heterozygotz viabilities, recombination tests 

among mutant polygenx were conducted in Generation 56. The mating schemes are presented 

in Figure 1. A single pair mating was conducted between Cy/+i and Cy/+j of two different 

Lines zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi and j .  From the progeny of this cross, phenotypically wild-type males and virgin females zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( + i / + j )  were collected. In the first series (recombination series), three f i / - t j  ( 5 9  9 )  x 
Cy/Pm ( 5  8 8 ) matings were performed. From the progeny of this cross approximately fifty 

Cy/+ii males were individually crossed to five Cy/Pm females (-tij indicates a second chromo- 

some that originated from recombination between +, and +j  chromosomes). After the above 

procedure, the homozygous viability of Sij chromxomes was estimated by WALLACE'S Cy 
technique (1956). At the same time, the experiment of the second series (control series) was 

carried out as follows: Three Cy/Pm (5 0 9 ) x +i/+j (5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 8 ) matings were conducted. From 

the progeny of this cross, approximately fifty Cy/+, or males were picked up, and in the same 

way as that in the first sxies, the homozygous viability of Si ol' chromosome was estimated. 
Since there is no crossing over in Drosophila males, recombination between mutant polygenes, 

which occurred in different lines independently, takes place only in +i/+j females of the 

recombina'tion series. Thus, -the effect of recombination can be tested by comparing the genetic 

variance among chromosome lines homozygous for the recombinant chromosomes with that for 

the parental chromosomes. 

1 

FIGURE 1 .-Mating scheme for recombination test. 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Basic statistics and genetic parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor homozygotes in Generations 32, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA52, and 60 

Generations 
32 52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGO 

Number of lines tested 

Total number of flies counted 

Harmonic mean of number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof flies 

counted in single lines 

Harmonic mean of number of flies 

counted in single observations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Number of observations per single line 

Estimated error variance on 

Estimated genetic variance 

Average of control viability indices 

Average viability of homozygote lines 

individual observation basis 

(homozygote basis) 

80 
427,886 

5,322.21 

654.66 
8 

5.7845 

5.6477 
32.84 
28.04 

75 

293,463 

3,856.78 

633.79 
6 

8.8675 

38.9486 
33.12 
21.29 

77 

168,459 

2,100.02 

514.70 
4 

6.2432 

66.2131 
32.462 
16.48 

The condition of the culture room, the formula for the cu1,ture medium, and the counting 

procedure were exactly the same as those described in ,the first article of the present series zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( MUKAI 1964). 

EXPERIMENTAL RESULTS AND ANALYSIS 

Homozygote viabilities: The outlines of the results for Generations 32,52, and 60 
are presented in Table 1. In Generation 32, 80 lines whose viability were higher 
than 20.00 were analyzed. Although there were four deleterious lines (viability 
indices were less than 20, but larger than 1 ) , these were disregarded in this 
generation as well as in Generations 52 and 60. The control viability (vo) for 
Generation 32 was estimated as follows: Three lines showing the highest viabil- 
ities in each of Generations 52 and 60 were selected, and their viability indices 
in Generation 32 were estimated. The weighted mean of these five lines (one 
line was highest in both Generations 52 and 60) was used as the vo. The actual 
estimated vo was 32.84, a very reasonable value (see MUKAI 1964). The average 
of the observed viability indices was 28.04 which is significantly different from 
the vo. The genetic variance (U: among 80 lines was estimated to be Gi= 5.6477 
by the analysis of variance. 

The distribution pattern of viability indices is graphically shown in Figure 2, 
together with the 95% confidence interval ( R )  of the control distribution (a 
hypothetical distribution under the assumption that no lines had any mutations 
and that the same number of flies as in the actual observation was counted) 
which was estimated from Formula (1) 

where nr and nL stand for the harmonic mean of the number of flies counted in 
single observations and in single lines, and 6; is the estimated error variance on 
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FIGURE 2.-Distribution patterns of homozygous viability indices in Generations 32,52, and 60. 

an individual observation basis. The 95% confidence interval thus obtained is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i. 1.39. 

After Generation 32, each line was divided into two groups (A and B) in order 
to avoid a decrease in the number of lethal-free lines. If a line in Group A was 
found to be carrying lethals, it was replaced by flies of the same line in Group B. 
Thus, 75 lines were tes8ted in Generation 52. The control viability (v,) for 
Generation 52 was estimated as above. The estimated uo was 33.12. The average 
of the observed viability indices was 21.29, and these two figures are, of course, 
significantly different. The distribution pattern of viability indices (deviation 
from the control viability) and the 95 % confidence interval of the control distri- 
bution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( R  = * 2.34), which was estimated by the above method, are presented 
in Figure 2, together with those for Generations 32 and 60. 

We were able to test 77 lines in Generation 60 by using several replacements. 
The control viability ( L ~ )  was estimated by an indirect method: Three lines 
showing the highest viabilities were selected from the 77 lines, and the viability 
indices of the corresponding heterozygotes (WO) were estimated. The uo was 
estimated by multiplying this value by 2/3. The estimated U ,  became 32.42. The 
average of the observed viability indices in Generation 60 was 16.48. The distri- 
bution pattern of these viability indices and the 95% confidence interval of the 
control distribution ( R  = * 2.42) are presented in Figure 2. The genetic variance 
among the 77 lines was estimated to be 6; = 66.2131. 
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From the experimental results, the following conclusions can be drawn: First, 
after Generation 32 the mean viability dropped rapidly and the genetic variance 
increased a great deal. The reduction in mean viability was 4.80 in Generation 
32, while in Generation 60 it was 15.94. The genetic variance in Generation 60 

was approximately 11.7 times as large as that in Generation 32. The relationships 

between these phenomena and the magnitude of genetic load in natural popula- 
tions will be discussed in a subsequent article in this series. Second, the harmonic 
mean of the number of flies that emerged in single observations decreased with 
the increase in generation number. This indicates incomplete replacement by 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC y  flies for the decreased number of wild-type flies and/or the decrease in 
egg laying capacity of Cy/+ females with the increase in generation number. 

Viabilities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof heterozygotm with the original chromosome: The outline of the 
results in Generation 32 is given in Table 2, together with those in Generations 
52 and 60. The control viability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(h’) in Generation 32 shown in Table 2 was 
estimated as follows: Five lines showing the highest homozygous viability were 
selected from the 80 lines. These were crossed with Line 92 (assumed to be 
equivalent to the original chromosome because of its normal homozygous via- 
bility). The weighted mean of these heterozygotes was used as a control. The 
estimated uo’ became 49.91. The average of the observed viability indices for all 
80 lines in heterozygotes with Line 92 was 51.51. These two figures are signifi- 
cantly different. The distribution pattern of the viability indices is presented in 
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 together with the 95 percent confidence interval of the control distri- 
bution ( R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= +- 1.66). The genetic variance among the 80 lines was estimated to 
be e:, = 0.4081. 

The heterozygote viabilities (WO) of the 77 lines were examined in Generation 
60. The outline of the results is presented in Table 2. The control viability was 

TABLE 2 

Basic statistics and genetic parameters for heterozygotes in Generations 32, 52 and 60 

Generation (and the type of heterozygotes) 
32 52 60 

(WO) (RS)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(RS) (RA) (WO) 

Number of lines (or crosses) tested 80 77 69 68 77 
Total number of flies counted 392,077 396,835 291,788 243,191 374,655 
Harmonic mean of number of flies 

Harmonic m2an of number of flies 

Average number of observations 

Estimated error variance on 

Estimated genetic variance 

Average of control viability indices 49.91 32.84 33.12 48.62 
Average viability 51.51 29.56 24.78 25.88 52.28 

counted in single lines (or crosses) 4,8%.82 5,113.96 4,166.18 3,500.61 4,841.69 

counted in single observations 590.06 618.02 686.25 554.61 794.78 

per single line (or cross) 7.99 7.99 6 6 6 

individual observation basis (SE, )  5.8858 5.8489 8.6418 10.2633 3.9597 

(heterozygote basis) 0.4081 8.2975 37.3218 29.7717 1.9718 
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FIGURE 3.-Distribution patterns of viability indices of heterozygotes with the original 
chromosomes in Generations 3.2 and 60. 

estimated by the same method as above, using the top three lines with respect to 

homozygous viability. The result thus obtained was U,,' = 48.62. The average of 

the observed viability indices was 52.28. The distribution pattern of the viability 

indices and the 95% confidence interval of their control distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( R  = * 1.58) 
are presented in Figure 3. The genetic variance among the 77 lines was estimated 

to be &;I, = 1.9718. 
The following conclusion can be drawn from the above experimental results: 

The average viability of heterozygotes with the original chromosomes increases 

with the increase in generation number. Indeed, the above increments of via- 

bility indices were 1.60 in Generation 32 and 3.66 in Generation 60. The har- 

monic mean of the number of flies counted in single observations in Generation 

60 is larger than that in Generation 32 (794.78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAus. 590.06). This result is in good 

accord with the hypothesis of increase in the average heterozygote viability. 

Thus, the experimental results of WALLACE (1958) and BURDICK and MUKAI 
(1958) with respect to radiation-induced mutations are supported. 

Viabilities of random hterozygotes: In Generation 25, the viabilities of random 

heterozygotes (RS) were estimated at 21 "C and 25°C on a small scale, and it was 

found that the average viability indices were 29.58 and 29.27 at 31°C and 25°C. 
respectively. The control viability was 32.99 (MUKAI 1964). Of course, the above 

two values are significantly lower than the control. The phenotypic correlation 

coefficients between the lieterozygote viabilities and the sums of the correspond- 

ing homozygote viabilities were +0.51 at 21°C and f0.59 at 25°C. This result 

indicates that newly arising mutant polygenes are incompletely recessive and is 

inconsistent with the results of WALLACE (1958) and others. Therefore, experi- 
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ments on a large scale to confirm the above finding were conducted in Genera- 
tions 32 and 52. 

In Generation 32, only the RS experiment was conducted. The outline of the 
experimental result is given in Table 2. The average viability index was 29.56 
which is significantly different from the control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( U ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 32.84). The distribution 
pattern of the viability indices and the 95% confidence interval of the control 
distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( R  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1.39) are presented in Figure 4. It should be noted that the 
distribution pattern is bimodal. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn interpretation of this phenomenon will be 
given later. The genetic variance among the 77 crosses was estimated to be ", = 
8.2975. Thus, the result in Generation 25 was confirmed by the result in Genera- 
tion 32. 

In Generation 52, RS and RA experiments were conducted in order to obtain 
additional evidence on the above finding, and the summaries are presented in 
Table 2. The average viabilities are 24.26 and 25.38 in RS and RA, respectively. 
These two values are very close, and are significantly less than the control via- 
bility ( u0 = 33.12). The distribution pattern of the viability indices pooled over 
replicate observations in each of RS and RA is also graphically presented in 
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, together with that for Generation 32. The 95% confidence intervals of 
the control distributions are shown for respective distributions ( R  = * 2.33 in 

RS and f 2.50 in RA). The genetic variances among the crosses were also esti- 
mated to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6;. = 37.3218 and 29.771 7 in RS and RA, respectively. 

From all the above experimental results, the following general conclusions can 
be drawn: first, the average viability of random heterozygotes decreases in com- 
parison with the individuals that are free of new mutations. This is in contrast 
with the result in the WO experiments described above. Second, the genetic 

h Observed - Gen. 3 2  
-.- Gen.521RS) 

Gen. 521RA)  1 Control (95% conf.intervot) - Gen. 3 2  

I --- Gen.52iRS) I I--- 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O V  -2% -' - I S  -10 

Vlability Index -32.84 In Generotlon 3 2  ( -33. I 2  in Generation 52 ) 
FIGURE 4.-Distribution patterns of viability indices of random heterozygotes in Generations 

32 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA52. 
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variances are remarkab1.y larger than in the WO experiments. Third, the distri- 
bution patterns are bimodal, which is also different from that obtained in the 

WO experiment (compare Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 with Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  
Correlation coeficieni between homozygote zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAund heterozygote viabilities and 

the degree of dominance of mutant polygenes: We might summarize the results 
of experiments WO, RS, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARA as follows: When new homozygously deleterious 
mutations accumulate in a homozygous background, they seem to show over- 
dominance when they are in the same chromosome, but partial dominance when 
they are in homologous chromosomes. I n  order to confirm this conclusion, a 
further analysis was made. 

(1) Heterozygotes with the original chromosomes: For the sake of simple 
presentation, homozygous lines were divided into five groups according to their 
viabilities. Thus, each group in Generation 32 consisted of 16 lines and in Genera- 
tion 60 of 15 or 16 lines. The relationship between the average homozygote and 
the average heterozygote viability in each group was estimated and is graphically 
presented in Figure 5. From this figure, it is very clear that there is a negative 
correlation between the homozygote and the corresponding heterozygote via- 
bilities. The correlation icoefficients actually estimated on the line basis are -0.25 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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and -0.47 in Generations 32 and 60, respectively. These values are significantly 
different from zero. Thus, the above conclusion was confirmed-newly arising 
mutant polygenes show overdominance with respect to viability, an important 
component of fitness, in homozygous genetic background when the mutant poly- 
genes are localized only in one chromosome. In addition, the following tendency 
is apparent: The viabilities of heterozygotes with the original chromosome in- 
creased with the number of mutant polygenes, but reached the optimum when 
approximately 11 mutant polygenes, on the average, have been accumulated. 
This figure was estimated from the polygenic mutation rate (0.141 l/second 
chromosome/generation, MUKAI 1964) under the assumption of a Poisson distri- 
bution. Having reached the optimal level, the viabilities of heterozygotes might 
have decreased with the increase in the number of heterozygous loci. The same 
conclusion has been derived by MUKAI, CHIGUSA, and YOSHIKAWA (1 965) from 
independent experimental results. It is necessary to confirm such a tendency after 
accumulating more mutant polygenes in the chromosomes. This might act as one 
of the restrictive factors against the manifestation of overdominance in natural 
populations, regardless of the existence of the optimum heterozygosity. 

In general, it was impossible to estimate the average degree of overdominance 
because of nonlinearity between heterozygote viability and number of hetero- 
zygous loci. However, in Generation 32, an approximate linearity was found. 
Thus, the average degree of overdominance in the classical model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( h )  was esti- 
mated in a previous article of this series (MUKAI, CHIGUSA, and YOSHIKAWA 
1965). The result was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -0.27. 

(2) Random heterozygotes: On our hypothesis there should be some random 
heterozygotes in which new mutant polygenes are localized only in single chro- 
mosomes, and they should show overdominance. In order to examine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis hy- 
pothesis, a correlation table between viabilities of heterozygotes and the sums of 

those of the corresponding homozygotes was made, using the data in Generation 
32. The result is presented in Figure 6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A positive correlation can be seen on the whole in Figure 6 ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT = $0.71 ) , but 
a detailed inspection reveals that the correlation table can be separated into two 
parts at heterozygote viability index 32. In  the upper group (Group 1 ) , a signifi- 
cant negative correlation can be found ( T  = -0.75). It is reasonable to assume 
that only one chromosome of the members of this group carried newly ansing 
mutations; therefore, they should correspond to the heterozygotes with the 
original chromosomes. Indeed, the viability indices of homozygotes for more 
viable chromosomes in heterozygous individuals of Group 1 (14 crosses) were 
larger than 30.90 which could be considered to be included in the category of 
new-mutation-free chromosomes. The number of new-mutation-free lines, which 
were the constituents of the above-mentioned 14 crosses were 8, i.e., Lines 15,16, 
37, 44, 58, 72, 91, and 92. These fourteen kinds of heterozygotes correspond to 
the small peak on the right side in Figure 4. Thus, the above hypothesis is 

supported. 
In the lower group (Group 2),  in which the viabilities of all the heterozygotes 

were less than 32.00, the viability indices of homozygotes for more viable chromo- 
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FIGURE 6.-Correlation between viabilities of random heterozygotes and sums of correspond- 

ing homozygote viabilities in Generation 32. 

somes in heterozygous individuals were less than 32.54. There are five lines 
whose homozygous viabilities are larger than 30.00 but less than 32.54, i.e., 30.32 

(Line lo) ,  30.11 (Line 27), 30.34 (Line 78), 32.53 (Line 89), and 31.62 (Line 
104). It might be assumed that these five lines had newly arising mutations, but 

their effect might have been very small and some lines had almost normal via- 

bility indices owing to chance deviation or environmental effects. In fact, the 

viability indices of Lines 89 and 104 in Generation 25 were 31.15 and 30.31, 

respectively. The correlation coefficient between heterozygote viabilities and the 
sums of the corresponding homozygote viabilities, except for the above 14 hetero- 

zygotes. was calculated to be $0.67. These results are given in Table 3. Thus. 
the hypothesis was verified. 

In Generation 52, the same tendency was found as in the random heterozygotes 
in Generation 32 both in RS and RA experiments. The correlation coefficients 
included all the random heterozygotes are +0.80 and +0.79 in the RS and RA 

experiments, respectively. However, all heterozygotic crosses can he separated 

into the two groups, i.e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Group 1 and Group 2 as in the case of Generation 32. 
The numbers of crosses in Group 1 are 13 in RS and 15 in RA experiments. The 

same eight lines as in Generation 32 were the components of the 13 or  15 hetero- 
zygotic crosses. The probability that no new mutation has taken place in these 8 

chromosome lines in twenty generations is extremely low on the basis of the 

polygenic mutation rate reported previously (MUKAI 1964). Thus, it might be 
assumed that in some of these eight lines mutations took place, but their effects 
were so small that they were neutral with respect to the trans-effect of the mutant 
polygenes in random heterozygotes, and their heterozygotes with other new- 
mutation-carrying chroinosomes manifested overdominance due to the mutations 
of their homologous chromosomes. Actually, the average homozygous viabilities 
of these 8 chromosome lines were 32.57 (32.84) and 32.35 (33.12) in Generations 
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TABLE 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Correlation coeficients between homozygote zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand random heterozygote viabiliites 

Generation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
25 32 52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

21°C(RS) 25'C(RS) RS RS RA 

Random heterozygote 
As a whole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$0.51*** zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+0.59*** +0.71*** +0.80*** +0.79*** 

Group B +0.67*** +0.74** * +0.79*** 

the original 
chromosome -0.25 * -0.47' * * 

Group A -0.75' * -0.68** 4 . 3 2  

Heterozygote with 

RS stands for random heterozygotes between two lines of successive numbers. 
RA stands for random heterozygotes between two lines of alternate numbers. 

* Significant at the five percent level. 
**  Significant at the one percent level. 

* * * Highly significant. 

32 and 52, respectively. The figures in parentheses indicate the control viability 
indices. 

The phenotypic correlation coefficients between heterozygote viabilities and the 
sums OP corresponding homozygote viabilities in Group 1 were -0.68 in RS and 
-0.32 in RA. The former is significantly different from zero at the 1% level. 
The correlation coefficients were also calculated for Group 2 to be -t0.74 in RS 
and 4-0.79 in RA. These values are, of course, highly significant. All the esti- 
mated correlation coefficients are given in Table 3. 

As in the case of WO heterozygotes, the sums of the viabilities of homozygotes 
corresponding to random heterozygotes (only Group 2) were divided into four 
groups in each of RS in Generation 32 and RS and RA in Generation 52, accord- 
ing to the order of their magnitudes. Actually, each group consisted of 15 or 16 
members in Generation 32 and 13 or 14 members in Generation 52. The relation- 
ships between the averages of the sums of homozygote viabilities and those of 
corresponding heterozygote viabilities in respective groups are presented in 
Figure 7. It can be seen from Figure 7 that a clear linear relationship exists 
between the viabilities of homozygotes and heterozygotes at the average level. 
The regression function of the heterozygote viability ( Y )  on the sum of the 
corresponding homozygote viabilities ( X )  is as follows: 

(2)  
Formula (2) and Figure 7 indicate that the degree of dominance of mutant poly- 
genes might be independent of the viability of the genetic background, as long as 

the viability indices of these heterozygotes are larger than half OI the wild-type 
homozygotes. Thus, the average degree of dominance of these mutant polygenes 
may be estimated in each cross combination of each generation. Indeed, the above 

regression coefficient (0.3915) is the estimate of 

The average dominance degree of mutant polygenes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(h) in the classical model 

Y = 0.3915 X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- 7.0007 

all over the generations. 
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carrying chromosomes which both have new mutant polygenes. 

was estimated. For the sake of reference, the genetic parameters defined pre- 
viously (MUKAI 1964; MUKAI, CHIGUSA, and YOSHIKAWA 1964,1965) are given 
here. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u0 = viability index of the original homozygotes (approximately 33.3) 
U = average viability of homozygote lines 

U', = average viability of random heterozygotes carrying chromosomes 

uZG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( B )  = genotypic variance among homozygote lines which are components 

Cov zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( U ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- vj and L ) % ~ )  = covariance between the sum of homozygote viabili- 

which both have new mutant polygenes. 

of random heterozygotes of Group 2. 

ties of Line I and Line j and viability of their hybrid. 
Line i and Line j should have newly arising mutant polygenes. 

The average degree of dominance (h) was estimated by the following two 
formulae, under the assumption of no correlation between the selection coefficient 
against mutant homozygotes and degree of dominance in the range of polygenes 
(MUKAI 1964). A linear relationship between homozygote and heterozygote 
viabilities in Figure 7 indicates the validity of this assumption. 

- 

h= 
Cov ( v i  + vi and vi j)  

2 G 2 G ( B )  

and 

(3) 

The necessary information for the estimation of % and the results are presented 
in Table 4. From this table, it can be concluded that the results estimated in 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The auerage degree of dominance (c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof newly arising mutant polygenes and the basic statistics 
and the genetic parameters for its estimation (only random heterozygotes carrying 

chromosomes both of which have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnew mutant polygenes) 

32 (RS) 
Generation (cross) 

52 (RS) 

Number of crosses 

Number of chromosome lines which are 

constituents of the above crosses 
Covariance* 

Genetic variance among homozygote lines 

Average viability index of random 

Average viability index of homozygotes 

Average degree of dominance+ 

heterozygotes 

Formula (3) 

Formula (4) 

63 

72 
2.6604 
3.6836 

28.36 
27.54 
0.361 1 

0.&26 

56 

67 
25.0860 
26.9569 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
22.4-9 
19.97 
0.4652 

0.4042 

53 

64 
22.7371 
27.7608 

23.51 
19.91 
0.4095 

0.3561 

* Covariance between the sums of homozygote viabilities and the corresponding heterozygote 

-f See Formulae (3) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4 )  in the text. 
viabilities. 

different generations, different cross combinations, and different methods are 

mutually consistent and the estimated values are remarkably large (average 

%= 0.40) in comparison with that of lethal genes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(x = 0.01 - 0.015, CROW and 
TEMIN 1964). 

Recombination test: In order to examine whether or not these viability-decreas- 
ing mutations had occurred in different loci, recombination tests were conducted 
in Generation 56. In  the first experiment, Lines 10 and 14 were employed. Their 
viability indices in Generation 52 were 26.7 (Line 10) and 29.9 (Line 14). A 
single pair mating was conducted between Cy/+ heterozygotes of Lines 10 and 
14. For reference, the viability index of the heterozygotes was ca. 29.0. Following 
the procedure described in MATERIALS AND METHODS, fifty-two recombinant chro- 
mosomes and forty-eight parental chromosomes were recovered, and their homo- 
zygous viabilities were tested in three replicated cultures by the Cy method. The 
distribution patterns of viability indices for the recombinant group and the 
parental group are graphically presented in Figure 8 (A).  The €allowing facts 
can be deduced from this figure: First, the effect of recombination between poly- 
genes can be clearly found from the increase of variance in the recombinant 
group in comparison with that in the parental group. The genetic variances were 
estimated by the analysis of variance to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG ~ ~ ( ~ )  = 19.1465 in the recombinant 
group and 6.2c(c) = 7.1126 in the control. The difference of these two values is 
highly significant. Second, supposedly normal chromosomes were recovered from 
the hybrid between two chromosomes carrying newly arising mutant polygenes, 
although their frequency is quite low, This indicates that at least in Lines 10 and 
14 polygenic mutations occurred in different loci. Third, the homozygous via- 
bilities of the parental chromosomes were approximately 21 and 26, the average 
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FIGURE 8.-Distribution patterns of viabilities of original and recombinant chromosomes. 
Abme (A): Line 10 x Line 14; Below (B) : Line 10 x Line 82. 

viability of the parental group was 23.05 and that of the recombinant group was 
22.92. No significant difference can be seen between the figures. 

In the second experiment, Lines 10 and 82 were employed, and exactly the 
same experiment as the first one was conducted. The viability indices of these 
chromosome lines were, when homozygous, 26.7 (Line IO) and 26.4 (Line 82) 
in Generation 52. For reference, the viability index of their heterozygotes was 
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ca. 27.5. Fifty-four recombinant chromosomes and fifty parental chromosomes 
were recovered, and their homozygous viabilities were tested in lhree replicated 
cultures by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC y  method. The distribution patterns of viability indices are 
graphically presented in Figure 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(B) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. From this figure, almost the same as the 
above conclusion could be drawn: The effect of recombination among mutant 
polygenes can be clearly seen. The estimated genetic variances are 62c(R)  = 
11.5532 in the recombination group and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA62a(C) = 1.3622 in the control. The 
difference between these values is highly significant. The homozygous viabilities 
of the parental chromosomes were approximately 26 both in Lines 10 and 82, 
the average viability of the parental group was 26.78 and that of the recombinant 
group was 26.02. No significant difference could be observed between them. In 
the second experiment, it was impossible to recover normal chromosomes by 
recombination between chromosomes of Lines 10 and 82, although a significant 
increase of genetic variance 'was observed. This result might indicate that poly- 
genic mutations took place in many loci. 

In conclusion, it can be said that recombination was demonstrated between 
newly arising mutant polygenes controlling viability. 

DISCUSSION 

The present experimental results suggest some kind of position effect of spon- 
taneous mutant polygenes controlling viability; namely, they show overdomi- 
nance when located in the same chromosome, while, when located heterozygously 
in both homologous chromosomes, they are not only deleterious, but their degree 
of dominance is surprisingly high. An alternative hypothesis to the above will be 
discussed here. 

Alternative hypothesis to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAposition effect hypothesis of newly arising mutant 
polygenes: The results of the present experiments might be explained without 
assuming a position effect, if we suppose that there were a few highly mutable 
loci where polygenic mutations were taking place. If so, random heterozygotes 
would not have been heterozygotes with respect to the newly arising mutations 
but would in some cases be homozygotes. This alternative hypothesis includes 
two cases. 1.  when any chromosome line carrying polygenic mutations has at 
least one mutant polygene in the same locus (case I), and 2. when polygenic 
mutations are distributed at random among a few mutable loci (case 2).  

The most significant evidence against the alternative hypothesis is furnished 
by the results of recombination test between mutant polygenes. In the first experi- 
ment, six recombinant chromosomes out of fifty-two showed a viability index 
higher than 30 when homozygous (the maximum was 31.64), while none did in 
the control. The chromosome with the highest index had almost the same viability 
as the original viability. In the second experiment, the recovery of normal chro- 
mosomes from the heterozygotes could not be shown (see Figure 8), but the 
variance among recombinant chromosomes increased significantly. These experi- 
mental results argue against the alternative hypothesis (both cases 1 and 2). This 
conclusion is supported by the consideration that the mutation rate to recessive 
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lethal genes estimated by using the present experimental result was ca. 0.0063 
per second chromosome per generation (MUKAI 1964), which is almost the stan- 
dard recessive lethal mutation rate (see CROW and TEMIN 1964). If there had 
been such mutable loci, the recessive lethal mutation rate \would have been higher 
than 0.0063, because lethal mutation rates in such loci would be expected to be 
correspondingly high (MUKAI 1964). 

Furthermore, supporting evidences for position effect can be found in the 
present experimental results, when we assume that case 1 of the alternative 
hypothesis has been already rejected, i.e. that spontaneous polygenic mutations 
took place randomly at the several mutable loci. In Group 2 of the RS experiment 
in Generation 52, progenies of all the crosses should have been homozygous in 
at least one of such mutable loci under the assumption of no position effect men- 
tioned. above, because any heterozygote whose parental homozygotes carried 
mutant polygenes did not approximate normal viability. Such a probability is 

extremely low. Furtherniore, even if the above phenomenon happened by chance, 
the probability that the same phenomenon would occur in Group 2 of the RA 
experiment would be also quite low, because we might expect in some frequency 
the appearance of complete heterozygotes for the mutant polygenes. Actually, we 
could not find any such exceptional hybrids in the RA experiment. Indeed, the 
distribution patterns of Group 2 in the RS and RA experiments almost completely 
overlapped. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx2  value with 4 degrees of freedom is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.97 which corresponds to 
0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< P < 0.6. These results are inconsistent with an alternative hypothesis which 
assumes mutable loci and complete recessiveness of mutant polygenes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Limitation of the manifestation of overdominance in naturul populations: As 
far as our experimental results are concerned, we can accept a position effect 
( coupling-repulsion effect) of mutant polygenes. However, the present experi- 
ment was started from a single normal second chromosome from a natural popu- 
lation. Therefore, it is necessary to test the universality of this effect by using 
different experimental materials. Indeed, we have shown that viability polygenes, 
which were newly induced in a normal isogenic line, synthesized using 64 un- 
related lines, did not m.anifest overdominance in the coupling phase (MUKAI, 
YOSHIKAWA, and SANO 1966). 

Assuming the generality of the position effect tentatively, however, the follow- 
ing argument will be made about the limitation of the manifestation of over- 
dominance in natural populations: A high proportion of the second chromosomes 
in natural or artificial equilibrium populations in D. mZanoguster have at least 
one gene that would be deleterious if made homozygous (e.g., see GREENBERG 
and CROW 1960; OSHIMA 1963). Therefore, the frequency of individuals in which 
both homologous chromosomes carry deleterious genes is fairly high, and in these 
individuals overdominance would not be manifested. This might be the first 
restrictive factor against the manifestation of overdominance in natural popu- 
lations. 

As described in previous articles (MUKAI, CHIGUSA, and YOSHIKAWA 1965; 
MUKAI, YOSHIKAWA, and SANO 1966) and in the present report, even in hetero- 
zygotes between normal and deleterious chromosomes, overdominance in single 
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loci could not be manifested when heterozygosity in the other loci exceeds some 
magnitude (estimated number of heterozygous loci was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 on the average). This 
might be the second restrictive factor against the manifestation of overdominance 
in natural populations. 

WALLACE (1958) concluded the universality of overdominance on the basis of 
experimental results obtained under an exceptional condition, namely, a few 
mutant polygenes located only in one of the originally identical second chromo- 
somes, and GREENBERG and CROW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1960) derived their conclusion from the direct 
analysis of natural populations where individuals satisfying WALLACE'S condition 
are rare. BAND and IVES (1963) have supposed on the basis of negative corrrela- 
tion between the viabilities of heterozygotes and the averages of corresponding 
homozygote viabilities that the genetic load is primarily a balanced one in the 
South Amherst population of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. melanogaster. However, the corresponding 
homozygote viabilities for a given heterozygote are based on the average perform- 
ance in homozygous condition of the two chromosomes making up the heterozy- 
gote. It could be that one of the two homozygotes whose average viability index 
is 6 or less (the index of normal individuals is ca. 33.3) is actually lethal, in 
which case the heterozygote carries a lethal chromosome. Ignoring this class of 
heterozygotes (although all the lethal heterozygotes are not excluded in this 
way), the correlation coefficients then become positive (ca. 0.13 at 25°C and ca. 
0.10 at 18"C), but not significantly different from zero. Analyzed in this way 
the results might imply that the genetic load in the South Amherst population 
would not be, in the main, a balanced one. This result indicates that the degree 
of dominance of lethal genes is much less than that of polygenic mutations affect- 
ing viability, and it is consistent with the present experimental results. The 
phenomenon of the lack of a negative correlation in homozygote-heterozygote 
viabilities has recently been clearly demonstrated for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. psmdoobscura by 
WILLS ( 1966). 

Homozygous loads and the genetic structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof natural populations: GREENBERG 

and CROW (1960) have developed a method for testing the existence of over- 

dominance in natural populations, using homozygous loads. On the basis of the 

experimental results described in the present article, let us calculate homozygous 

loads assuming no overdominance. According to WRIGHT (1929), the frequency 

of mutant allele zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) can be expressed as p/hs in an equilibrium population 

assuming h is much larger than v,p/s ,  where p, s, and h have been defined above. 

Using this relationship, the homozygous load can be calculated by the following 

formula (MORTON, CROW, and MULLER 1956) : 

- 

~ 

E L s = ( $ )  hs zp  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5 1 

In this derivation, it was assumed that l /h  and p are uncorrelated. It should be 

noted here that h is almost uncorrelated with the homozygous viability of muta- 
tion-carrying individuals a t  least as far as only polygenes are concerned, as may 
be seen from the linearity between homozygote and heterozygote viabilities in 
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Figure 7. Thus, Formula zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5) might be approximately valid even though there 
might be a small amount of epistatic interaction among mutant polygenes. 

As reported in a previlous article of this series (MUKAI 1964), the total poly- 
genic and recessive lethal mutation rates per second chromosome in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmelano- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
gaster were estimated to be 0.1411 and 0.0063 per generation, respectively. The 
average degree of dominaince of mutant polygenes was also estimated to be ca. 0.4 
as described above. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYOSHIKAWA and MUKAI (in preparation) have estimated the 
average degree of dominance of 41 homozygously lethal genes in the second 
chromosomes derived from the original second chromosome in the present experi- 
ment. The estimated average h values were slightly different in accord with the 
genetic background, and ranged from 0.0176 to 0.0376 (without assuming any 
replacement (see MUKAI 1964)) in the genetic background of the same popula- 

tion. Thus, it might be reasonable to assume the h of lethal genes as being 0.02. 
It should be noted here that the 41 lethal genes employed in this experiment were 
accumulated under the minimum pressure of natural selection. There is one 
difficulty in the estimatlion of homozygous load by using the above estimates, 

namely, it is impossible to estimate ( l /h)  in Formula (5). However, as far as 

the coefficient of variation of h values is very small, m) is nearly equal to l /K 
Although we do not know the coefficient of variation of h values, the homozygous 
loads due to detrimental genes (polygenes) and lethal genes in equilibrium popu- 

lations were estimated under the assumption of m)z l/h. The results are: 
D (detrimental load) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.3528 and L (lethal load) = 0.3150; The D:L ratio 
becomes 1.12. On the other hand, TEMIN (1966) calculated the D and L values 
from the pooled data of the Madison, Wisconsin population and DR. WALLACE’S 
cage population (D = 0.147 and L = 0.262) on the basis of the average viability 
of the populations. These values can be approximately converted to the values 
calculated based upon tlhe optimum genotypes. The results turn out to be D 
0.299 and L = 0.262 (D:L ratio = 1.14), assuming that synergistic interaction 
(quadratic) exists among loci (in such a case the magnitude of the mutation load 
is approximately the total mutation rate of the haploid set of chromosomes 
(KIMURA and MARUYAPdA 1966)). Based upon the assumptions given above in 
making the calculations, the two D:L ratios are found to be almost the same. 

On the other hand, the homozygous loads of newly arising mutations were 
calculated by using the results in Generation 32 of the present experiment, 
assuming that different mutants act independently. In  fact, until this generation, 
the average homozygote viabilities decreased almost linearly. In that generation, 

the control viability, the average viabilities of all homozygotes and non-lethal 

homozygotes were estimated to be 32.84, 22.82, and 27.44, respectively. By 
applying these estimates to the formulae derived by GREENBERG and CROW 

(1960), D and L values in Generation 32 were estimated to be: D = 0.1797 and 
L = 0.1843. The ratio of D to L becomes 0.9750. Thus, the D:L ratio of equi- 
librium populations to that of newly arising mutants becomes 1.15. This ratio is 

very close to 1 which can be expected from hs = constant where h is positive 

___ 
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(GREENBERG and CROW 1960). Actually our data almost satisfy this relationship. 
Under the assumption that different mutants act independently, the average 

number of mutant genes in the second chromosomes in equilibrium random 
mating populations can be calculated: The magnitudes of detrimental load and 
lethal load in equilibrium populations correspond to the detrimental load in 
Generation 62.8 and the lethal load in Generation 54.7 with respect to newly 
arisen mutations. The number of detrimental genes (polygenes) per second 
chromosome in that generation can be calculated to be 8.86 and the total number 
of mutant genes becomes 9.18 per second chromosomes on the average. Thus, the 
total number of heterozygous loci in autosomes is estimated to be 36.72, a very 
small number. Recently, LEWONTIN and HUBBY (1 966) reported that there is a 
large amount of genetic variability with respect to isozymes in populations of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. pseudoobscura. Their tentative estimate of the amount of heterozygosity is 

approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8-15% per individual. Unfortunately it is impossible at present 

to state the relationship between om polygenic mutations and the isoalleles con- 
trolling isozyme variation which LEWONTIN and HUBBY studied. However, it 
may be said that recessive lethal genes, which might have been caused by the 
change of structural genes, are independent of the coupling-repulsion effect 
(YOSHIKAWA and MUKAI, in preparation), The isoalleles that control isozyme 
variations might be selectively neutral or nearly neutral in equilibrium popula- 
tions as stated by KOJIMA and YARBROUGH (1967). 

It should be pointed out here that the above calculation was made under several 
assumptions, some of which might not be valid, e.g., there might be a synergistic 
interaction among mutant polygenes in homozygous condition as reported by 
DOBZHANSKY, SPASSKY, and TIDWEU (1 963) €or D. psedoobscura, by MALOGO- 
LOWKIN-COHEN, LEVENE, DOBZHANSKY, and SIMONS (1964) for D. willistuni, 
and by MUKAI (1967) for D. melanogaster. (Even if synergistic interaction 
exists, its effect might not be so large as to change our conclusions.) Furthermore, 
so-called co-adapted gene complexes might have been developed in natural pop-  
lations owing to the pressure of natural selection (e.g. WALLACE and VETUKHIV 
1955). Thus, it might be dangerous to apply the present conclusion directly to 
natural populations, but the real situation might not be very far €rom the present 
situation in which the mathematical model was derived. In conclusion, it might, 
at least, be said that the manifestation of overdominance is restricted a great deal 
in natural populations and the experimental results of WALLACE (1958) and 
BURDICK and MUKAI (1958) showing overdominance of mutant polygenes can 
not be generally applied to natural populations. Furthermore, the present experi- 
mental results and the theoretical calculations derived from them night suggest 
that the genetic variation due to polygenic mutations of D. melanogaster in 

natural populations has been mainly maintained by the balance between muta- 
tion and selection pressures. However, it is necessary to study the evolutionary 
significance of overdominance as far as it is a product of natural selection (DOBZ- 
HANSKY 1950; MUKAI, YOSHIKAWA, and SANO 1966), even though the frequency 
of loci where overdominance is manifested might be small in equilibrium p o p -  
lations. This will be discussed in detail in another report of this series. 
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Finally, it should be pointed out that the coupling-repulsion effect of mutant 
polygenes in different loci can not be well understood at present on the basis of 
molecular genetics. It is an attractive further problem to clarify this phenomenon 
on a molecular basis. 

The authors, while taking full responsibility for any errors which might be discovered in  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis 
paper, wish to express sincere appreciation to PROFESSOR JAMES F. CROW for his critical review zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
the manuscript and to DR. Mcvroo KIMURA for his interest in this investigation and many con- 
structive criticisms. 

SUMMARY 

Starting with a single second chromosome from a wild population of Drosophila 
melunoguster, 104 replicate lines were derived. In each of these lines spontaneous 
mutations were allowed 1.0 accumulate for many generations during which this 
chromosome was maintained in heterozygous condition with minimum selection. 
The viability of flies heterozygous and homozygous for new polygenic mutations 
was measured in Generations 32, 52, and 60. The average homozygous viability 
decreased greatly during this time. Random combinations of these chromosomes 
(with a normal chromosome, presumed to be the same as the original chromosome 
from which the lines were derived, showed a slight increase in viability, nega- 
tively correlated with homozygous viability, unless the homozygous viability of 
the tested chromosome was very low. On the other hand, random combinations 
of chromosomes in general1 showed a viability positively correlated with the homo- 
zygous effect. By recombination tests, these mutant polygenes were proved to be 
nonallelic.-These results are interpreted as follows: Mutant viability genes 
show overdominance when they are on the same chromosome and the homologue 
is normal; this effect increases as the number of linked mutants increases until 
a maximum of about 11 mutants is reached, at which point the heterozygous via- 
bility begins to decrease. On the other hand, when the mutant genes are in both 
homologues they show a high degree of partial dominance. Thus there appears to 
be some kind of position effect, with mutant genes showing a different result in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cis and trans positions. I t  is recognized that this is a surprising result, but the 
data are quite reproducible and this interpretation is tentatively put forward.- 

It is suggested on the biasis of these interpretations that overdominance is rarely 
manifested in natural populations because the number of mutant genes is likely 
to be above the optimum heterozygosity number and because many are in the 
trans position. The homozygous lethal and detrimental loads in equilibrium popu- 
lations and those due to newly arising mutations were compared. The results are 
consistent with the absence of overdominance as an important factor for deter- 
mining the frequency of viability genes in natural populations. 
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