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ABSTRACT 

Spontaneous mutations were allowed to accumulate in a second chromosome 
that was transmitted only through heterozygous males for 41) generations. At 
10-generation intervals the chromosomes were assayed for homozygous effects 
of the accumulated mutants. From the regression of homozygous viability on 
the number of generations of mutant accumulation and from the increase in 
genetic variance between replicate chromosomes it is possible to estimate the 
mutation rate and average effect of the individual mutants. Lethal mutations 
arose at a rate of 0.0060 per chromosome per generation. The mutants having 
small effects on viability are estimated to arise with a frequency at least 10 
times as high as lethals, more likely 20 times as high, and possibly many more 
times as high if there is a large class of very nearly neutral mutations.- 
The dominance of such mutants was measured for chrcmosomes extracted from 
a natural population. This was determined from the regression of heterozygous 
viability on that of the sum of the two constituent homozygotes. The average 
dominance for minor viability genes in an equilibrium population was esti- 
mated to be 0.21. This is lower than the value for  new mutants, as expected 
since those with the greatest heterozygous effect are most quickly eliminated 
from the population. That these mutants have a disproportionately large het- 
erozygous effect on total fitness (as well as on the viability component thereof) 
is shown by the low ratio of the genetic load in equilibrium homozygotes to 
that of new mutant homozygotes. 

N an earlier paper, MUKAI (1964) reported that the spontaneous mutation rate I of viability polygenes on chromosome 2 of Drosophila melanogaster is at least 
0.14 per chromosome per generation. This is more than 20 times the rate per 
chromosome for recessive lethal mutations. The average reduction in homozy- 
gous viability per mutant was estimated to be 0.03 or less. The high mutation 
rate reported and the need for Eiccurate information on spontaneous mutation 
rates for genes with small effects on viability make it important that these results 
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336 T. MUKAI et al. 

be tested for reproducibility. Here we report three repetitions of this experiment 
giving good agreement with the earlier values. 

We also present data on the average degree of dominance of mildly deleterious 
genes from natural populations, obtained by regression of heterozygous on homo- 
zygous viability. We conclude, in agreement with earlier studies by others and 
ourselves, that there is a high level of heterozygous expression (partial domi- 
nance) of such mildly deleterious “recessive” mutants. 

I. ESTIMATION OF MUTATION RATES FOR VIABILITY GENES 

MATERIALS AND METHODS 

Stocks and laboratory techniques: The following stocks were used in these experiments: 
(1 ) C-160. Cy/Pm (Curly wings, with the associated SMj‘ inversions, and Plum eyes). For 

a complete description see MUKAI (1964). 
( 2 )  WM-1. A wild-type stock isogenic for the second chromosome, derived from a wild pop- 

ulation in Madison, Wisconsin. The homozygous viability is normal. 
(3) WM-2. Another wild-type stock from the same population and also isogenic for chro- 

mosome 2. Normal viability. 
(4) WM-3. Still another wild-type stock from the same population and isogenic for chromo- 

some 2. Below normal viability. 
All cultures were kept at 25°C. Maintenance of lines and viability tests were all done in 

2.5 x 9.5 cm shell vials. The medium employed was a standard cornmeal, molasses, yeast, and 
agar type, sprayed with live yeast. 

Experimental procedure: The method for accumulating spontaneous mutations is essentially 
the same as those used by DOBZHANSKY, SPASSKY, and SPASSKY (1952), PAXMAN (1957), and 
MUKAI (1964). A single Cy/+ male from the cross C-160 x WM-1 was chosen at random and 

Gsn. 0 

Low Density Subgroup High Density Subgroup 
( i  =l-25) ( j = I - 2 5 )  

Cy Pm (3$) ~m X +i ( id) Gen. 1 
I 

Cy Pm 
G e n . 2  (3$) Pm X , i ( id)  

I 7 I 

I 

FIGURE 1.-Mating scheme for the accumulation of spontaneous mutations and for t e d n g  
homozygous viability. 
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VIABILITY GENES IN DROSOPHILA 337 

mated to several C y / P m  females from C-160. Fifty Pm/+ sons (or if necessary, Cy/+) were 
individually mated with C y / P m  females. Half of these were mated with 3 Cy/Pm females to 
establish 25 lines numbered C-1, C-2, . . . C-25. In each line a single Pm/+ male was chosen 
each generation and mated with 3 C y / P m  females, and the process repeated generation after 
generation. The wild-type second chromosome in every line was descended from that of the 
original Cy/+ male, and there was no opportunity for crossing over since this chromosome was 
always kept heterozygous in males. There was a minimum opportunity for selection, since a 
single male was used each generation and the chromosome was never allowed to become homo- 
zygous. The process was continued for 4.0 generations. 

As insurance against loss of a line, a small duplicate mating of 5 females and 3 males was 
made each generation. Actually, it was seldom necessary to rely on the duplicate mating since 
less than 2% of the matings were sterile. The procedure for these 25 lines was the same as that 
used earlier (MUKAI 19M). The mating scheme is shown in Figure 1. 

The remaining 25 males in the first generation were each mated with 10 C y / P m  females, 
and 25 more lines were established: H-I, H-2, . . . H-25. The procedure differed in that 10 fe- 
males and 10 males were mated per vial in each of the ensuing generations. The purpose was 
to see if the more intense selection imposed by greater density would have any effect on the rate 
of mutation accumulation. 

Two more replications were made at both high and low density. The P and Q series were IOW 
and high density lines from a single chromosome in WM-2; the R and T series were low and 
high density lines from a single chromosome from WM-3. Exactly the same procedure was fol- 
lowed as had been used for C and H. 

The experiments may be summarized as follows: 

Original 
chromosome Series 

source designation Density 
WM-1 
WM-1 
WM-2 
WM-2 
WM-3 
WM-3 

Low 
High 
Low 
High 
Low 
High 

Number 
of 

lines 

25 
25 
25 
25 
25 
25 

Tests for homozygous viability were made in generations 10, 20, 30, and 40. The procedures 
were the same for each series. A single Pm/+ male was mated to 5 C y / P m  females. To increase 
the numbers, approximately 30 Cy/+ or Pm/+ progeny males were mated to 30 C y / P m  females 
in a half-pint milk bottle. From the progeny of this second cross 6 replicate matings, each 
with 5 Cy/+ females and 5 Cy/+ males, were made in shell vials. Four days later, all 10 par- 
ent flies were transferred to a second vial; after 5 more days the parents were discarded. The 
total number of test matings was 6 subgroups x 25 lines x 6 replications = 900, or a total of 1800 
vials, for each generation tested. 

In each vial from each mating all flies were counted if they emerged by the 19th day, with 
3 or 4 counts being made. The numbers from both vials of a single mating were pooled for an- 
alysis. 

The expected proportions are ‘/3 wild type and 2/3 Curly winged, the C y  homozygotes being 
lethal. A viability index, defined as 

2(number of +/+ flies) 
(number of Cy/+ flies) + 1 ’ I =  

was computed for  each mating. The expected value of the index is 1.00, the one in the denom- 
inator being added as a correction for the bias introduced when ratios are averaged (see 
HALDANE 1956). 

Lines with less than 10% of the expected number of wild-type flies were classified as lethal. 
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338 T. MUKAI et al. 
This criterion was used instead of 0% because of the ambiguity in classification that occurs when 
there are low viability mutants or rare escapees from the lethal effect; such flies are variable in 
frequency, are often malformed and weak, and probably have fitness essentially zero in natural 
populations. For a discussion of this choice of criterion, see GREENBERG and CROW ( 1  960). 

Those non-lethal lines whose viability was less than that expected for  their generation by 0.3 
or more were regarded as severely deleterious. The expected viability was computed from the 
regression of the viability index, I, of all non-lethal chromosomes on the number of generations 
of mutation accumulation. Thus the cut-off values for classifying a chromosome as severely de- 
leterious was 

y = yo - bz -  0.3 

where yo is the initial viability index (estimated by back-extrapolation from the regression line), 
b is the regression of viability index on generation number, and z is the generation number. 

The remaining lines, having neither lethal nor severely deleterious mutants, were classified 
as having only mildly deleterious mutants (or viability polygenes). 

Statistical procedures for estimating mutation rate and deleterious effect: The rate of decrease 
in mean viability per generation of mutation accumulation was determined by regression of the 
viability index on the number of generations before the viability test was made. As is apparent 
from Figure 2 there is no systematic departure from linearity, so only the linear regression co- 
efficient, M ,  was computed. 

The genotypic variance was determined for  each tested generation for each series; this is the 
estimated variance of the means of the 25 lines. This was determined from the residual variance 
remaining after the variance among the 6 replicates per line was subtracted. The increase in 
variance per generation, V ,  was then determined from the regression of the genotypic variance 

h 

m 

0.9 

0.8 

0.71 
I - 

0.61 

5 0.5 > " I -  
? 0.41 

114 : 0 - Mean 

M Variance 

GENERATIONS OF MUTATION ACCUMULATION 
FIGURE 2.-Viability indices (left scale, solid circles) and genotypic variance (right scale, 

hollow circles) for the three experiments. Indices are standardized to a value of 1.000 in 
generation 0. 
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VIABILITY GENES IN DROSOPHILA 339 

on generation number, the value being constrained to be zero at generation zero. This is also 
shown in Figure 2. 

The analytical procedure is based on a method proposed by BATEMAN (1959) and used earlier 
by MUKAI (1964.). Let si be the decrease in homozygous viability-gs the result of a mutation at 
the ith locus. Let ui be the probability per generation of a mutation at  this locus. Only mildly 
deleterious mutants are considered, lethals and severe detrimentals being removed from the an- 
alysis. We assume additivity of mutant effects, justified by the linearity of the regression. 

The expected mean reduction in viability per generation is 

M = zuisi = s zui, 2 = Z U i S i / 2 U i  (1 )  

where the summation is over all relevant loci and S is the weighted mean value of the si with 
weights proportional to the mutation rates. As mentioned earlier there is no systematic departure 
from linearity, so no quadratic term is introduced. In the earlier experiments, which continued 
over a larger number of generations, there was significant synergistic interaction and a discussion 
of this is given by CROW (1970). 

The variance in viability introduced by one generation of mutation at the ith locus is uis2i - 
(uisi)2 = ui ( 1-ui)sZi. Summing over all loci on the chromosome, the variance accumulated 
per generation is 

v = zui ( l-ui)s*i , 
or, since uZi is very small, this is approximately 

- - v = 2UiSZi = s2 zui, s2 = zuis2i/2ui 
- - 

where s2 is the weighted mean of the squared s's. But, from the definition of the variance, s2 = 
2 2  f V,, where V ,  is the variance of the individual si's. Therefore, 

( 2 )  v = (V, + 22) zui. 
From ( 1 )  and (2) we get the estimating equations, 

K = V,/j2 (3) 

Since there are three quantities to be estimated and only two observed values, M and V,  no 
explicit solution is possible. However, we can note that K is always positive and write three 
inequalities to set limits on the values of Zui, S, and V,, 

M2 
V 

xui 2 - 
V s < M  
v 2  

v s  * 

It  is to be expected that there can be no certain upper limit on the mutation rate or lower 
limit on c, since it is always possible that there is a very frequent class of mutants whose effect 
on viability is so close to zero as to make very little contribution to the measured quantities. 

Alternatively, we can make assumptions about V ,  or K and calculate accordingly. Equation 5 
has been written in such a way as to show that the maximum value of V ,  is (V/2M)2 and that 
this value corresponds to 2 = V / 2 M ,  or K = 1. 
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340 T. MUKAI et al. 

EXPERIMENTAL RESULTS A N D  MUTATION RATE ESTIMATES 

The basic data for the three experiments are given in Tables 1,2, and 3 and 
are shown graphically in Figure 2. The viability distributions for each tested 
generation in the CH group are shown in Figure 3. 

First we consider lethal mutations (not shown in Figure 2).  There were 7,11, 
and 14 lethal lines detected by generation 40 in the CH, PQ, and RT groups, 
respectively. Taken at face value the mutation rates in the three groups would 
appear to differ, but the differences are not significant; x i  =2.9, P > 0.2. 

Altogether there are 32 lines with one or more lethals among 150 lines, or 0.21. 
Assuming a Poisson distribution, the mean number per chromosome is given by 
n, where e* = 1 - 0.21 = 0.79. Thus n = 0.24. Dividing by 40, the number of 
generations, gives the mutation rate per chromosome per generation ZU = 0.0060. 
This is in good agreement with other published data on autosomal mutation rates 
in Drosophila melanogaster (for a summary see CROW and TEMIN 1964). Any 
appreciable biasing influence of fractional lethals is unlikely because of the long 
period over which the lethals accumulate. 

In this calculation we have ignored the possibility that some of the lethals are 
not monogenic, but are instead the result of two or more mutants with indi- 
vidually less than lethal effects. In view of the small number of chromosomes 
with severely deleterious mutants this possibility is rather remote. 

After elimination of lethal chromosomes the low and high density groups were 
compared. Presumably there is very little selection in the low density subgroups 
and every mutation has essentially the same chance of being retained. On the 

TABLE 1 

Basic statistics and genetic parameters for the CH group 

Generation 
10 20 30 40 

Number of lethal lines 1 3 7 7 
Number of severely deleterious lines 0 1 2' 3 
Number of flies counted 97,312 106,878 116,389 81,208 
Average number per line 1946.2 2137.6 2327.8 1624.2 

Average viability index, I 
- 

All lines 0.9535 0.8605 0.7608 0.7188 
Excluding lethals 0.9729 f 0.9155 & 0.8832 f 0.8355 2 

(I, = 1.0129) 0.0077 0.0081 0.0080 0.01 03 
Excluding lethals and severely 0.9729 t 0.9261 f 0.8962 t 0.8617 C 

deleterious (I, = 1.0053) 0.0077 0.0071 0.0071 0.0085 
Genotypic variance x lo3 

Excluding lethals 0.0661 f 8.3631 * 4.2747 t 9.7488 rt 
0.9583 3.3026 2.0607 4.0482 

Excluding lethals and 0.0661 f 2.1268 & 1.2205 t 0.9992 2 
severely deleterious 0.9583 1.2640 1.0252 1.24439 

* Includes one chromosome that was classified as severely deleterious in generation 20, but was 
above the cut-off viability in generation 30. 
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VIABILITY GENES I N  DROSOPHILA 

TABLE 2 

Basic statistics and genetic parameters for the PQ group 

341 

Generation 
i n  20 30 40 

Number of lethal lines 
Number of severely deleterious lines 
Number of flies counted 
Average number per line 

Average viability index, I 
- 

All lines 
Excluding lethals 

(I, = 0.9962) 
Exluding lethals and severely 

deleterious (Io = 1.0040) 
Genotypic variance x 103 

Excluding lethals 

Excluding lethals and 
severely deleterious 

1 
1 

81,947 
1638.9 

0.9348 
0.9538 t 
0.0083 
0.9625 f 
0.0078 

7.9954 t 
2.9405 
1.9051 f 
1.1982 

2 
1 

94,391 
1887.8 

0.8676 
0.9035 +- 
0.0078 
0.9112 f 
0.0072 

5.8140 -C 
2.4350 

0.9147 
0 . 5 ~ 4  

3 
I*  

109,386 
2187.7 

0.8207 
0.8730 +- 
0.0081 
0.8797 f 
0.0078 

8.3389 f 
3.2998 
4.9042 f 
1.6959 

11 
1* 

84,193 
1683.9 

0.6420 
0.8191 2 
0.0085 
0.8259 f 
0.0083 

5.4077 f 
2.6287 
3.4209 f 
1.9180 

* This chromosome was classified as severely deleterious in generation 20, so was continued in 
this classification although the viability in generations 30 and 40 was slightly above the cut-off. 

other hand, in the high density groups there could be selection for heterozygous 
effects and, if so, the mutants with the greatest heterozygous effects would be 
preferentially eliminated. To the extent that this is true there would be a smaller 
accumulation of mutants in the high density group. 

However, this does not seem to be the case. The mean differences between the 

TABLE 3 

Basic statistics and genetic parameters for the RT group 

Generation 
10 20 30 40 

Number of lethal lines 2 6 11 14 

Number of flies counted 80,510 76,962 99,019 98,613 
Average number per line 1 61 0.2 1570.7 2020.8 2012.5 

Average viability index, I 

Number of severely deleterious lines 1 1 1 0 

- 
All lines 0.6794 0.5597 0.4781 0.4030 
Excluding lethals 0.7094 2 0.6358 +- 0.6144 +- 0.5598 t 

Excluding lethals and severely 0.7150 +- 0.6439 +- 0.6217 f 0.5597 t 
(I, = 0.7474) 0.0078 0.0086 0.0082 0.0100 

deleterious (I, = 0.7572) 0.0074 0.0079 0.0079 0.01 00 
Genotypic variance x 103 

Excluding lethals 6.04.39 t 7.4280 +- 10.6554 f 11.64Q7 k 
2.4344 3.0558 3.9268 5.0752 

Excluding lethals and 2.7746 f 2.3969 C 6.7923 +- 11.6497 +- 
severely deleterious 1.4847 1.5037 2.7514 5.0752 
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342 T. MUKAI et al. 

15 - Generation IO 
M Generation 20 
&---A Generation 30 
E--- Generation 40 

g IO 

E 5  

z 
IW 
3 
0 
W 

0 

GEN ER AT I ON V I A B I L I T Y  (Control = 1.01) 

FIGURE 3.-Frequency distribution of viabilities in the first experiment (CH group). 

high and low density subgroups ill each 01 the groups was tested in a preliminary 
analysis of variance. In the comparison of C and H there was no significant dif- 
ference. With P and Q the viability was significantly higher in the high density 
(Q) group. Between R and T, the low density (R) group had a significantly 
higher viability. Thus there is no consistent density effect. We regard the differ- 
ence as being most probably the consequence of random accumulation of different 
mutants. In the absence of any systematic effect, the low and high density 
subgroups in each group have been combined. 

Table 1 shows the results of the CH group. The average viability index, 'T; is 
given for each test generation and the original value, I,, is estimated by back 
extrapolation to generation 0. Standard errors are included for the viability and 
variance estimates. The first is by direct calculation from the line means; the 
second is from analysis of variance. As expected, the mean estimates are much 
mare precise than the variances. 

The PQ group (Table 2) gives quite similar results; again the means are stable 
but the variances have a large variance. The RT group (Table 3) differs in that 
the original chromosome was unintentionally of low viability, about 3/4 that of 
the chromosomes from which the other two groups started. Despite this, the rate 
of decline in viability is about the same. The similarity in decline is apparent 
from Figure 2 where the viability indices are all standardized to an initial value 
of 1 .ooo. 

Table 4 shows the estimates for the change of mean and variance of the via- 
bility index per generation, obtained by regression of the mean and the genotypic 
variance on the generation number. These give the values of M and V which, by 
the use of equations 3-5, give the estimates of mutation rate and average effect 
of the mutants (Table 5 ) .  
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VIABILITY GENES I N  DROSOPHILA 

TABLE 4 

Rate of mean decrease and variance increase of the viability index I per generation 

343 

CH 
Group 

PO RT Pooled 

M = Rate of mean decrease x IO3 

Lethals excluded 4.44 t- 0.33 4.35 zk 0.31 4.70 f 0.67 4.43 zk 0.30 
Lethals and severely 

deleterious excluded 3.64 +- 0.25 4.41 t 0.30 4.88 & 0.64 4.03 t 0.18 

Lethals excluded 20.28 f 8.67 37.59 2 14.56 40.56 f 6.85 33.34 f 2.52 
Lethals and severely 

deleterious excluded 4.47 rtr 2.17 11.67 zk 3.72 22.87 t 3.89 9.42 t 0.84 

V = Rate of variance increase x 105 

The calculations are made in two ways: (A) with only the lethals excluded, 
and (B) with severely deleterious chromosomes also excluded. Although, as can 
be seen in Tables 1-3, there were very few chromosomes that fell between the 
0.3 reduction in viability required for classification as severely deleterious and 
the 10% survival below which they were classified as lethal, nevertheless these 
few chromosomes make a very large contribution to the variance and their 
inclusion or exclusion strongly affects the calculation. The first two columns of 
numbers show the estimates for these two groups, assuming V ,  = 0. This assump- 
tion gives the minimum estimate of mutation rate and maximum estimate of S. 

The true distribution of the si's is of course unknown. It is likely that there is 
a strong inverse correlation between the frequency of mutation and the deleteri- 
ousness of the effect. A plausible model for the distribution is the exponential 
function, with probability density of s given by 

f ( s )  = C e-es 

where C is a scaling constant. For this distribution the variance is the square of 

TABLE 5 

Mutation rate per chromosome per generation, Xu, average homozygous viability decrease, 5, and 
standard deviation of Viability decrease, us, together with the lethal 

mutation rate per chromosome, ZU 
Two assumptions are considered: V, = 0 which gives the minimum estimate for Zu and 

the maximum estimate for S, and V ,  = 2 2  which maximizes V ,  

v, = 0 v, = ,p 
Lethals Lethals and severely Lethals 

Group excluded deleterious excluded excluded 

ZU CH 0.097 0.296 0.194 
PQ 0.050 0.167 0.100 
RT 0.054 0.104 0.108 

Pooled 0.059 0.172 0.118 
S Pooled 0.075 0.023 0.038 

Pooled . . . .  . . . .  (3.038 0.3 

ZlJ 0.0060 
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344 T. MUKAI et al. 

the mean, so K = 1. The estimates based on this model, and excluding lethals 
only (that is, assuming that the severely deleterious chromosomes represent the 
long tail of the distribution), are given in the last column of Table 5. This as- 
sumption is interesting in another regard: as can be seen from equation 4, if 
K = 1, S = V / 2 M ,  and from equation 5 we see that this maximizes V8.  

The estimates of Xu and S depend very strongly on the genetic variance. This 
is disconcertingly capricious because it is so dependent on a small number of 
low-viability lines. Furthermore, and for the same reason, the procedure is very 
sensitive to whether the severely deleterious chromosomes are included or 
excluded from the analysis. Finally, this method gives no estimate of the upper 
limit for the mutation rate, for it is always possible that there is a large class of 
mutations that are so nearly neutral as to be undetectable in any finite experi- 
ment. 

Nevertheless, the main conclusion of MUKAI (1964) is, we believe, well 
established: mutations with small effects on viability arise with a frequency much 
higher than lethals. The smallest of the pooled estimates is 10 times the lethal 
rate and column 3, which we regard as being based on a plausible assumption, is 
20 times as large. We conclude that polygenic mutants affecting viability arise 
with a frequency at least 10 times as high as lethals, probably 20 times as high, 
and possibly many more times as high if there is a large class of very nearly 
neutral mutations. 

Despite the uncertainties about the individual values of Xu and S, their product 
is estimated with considerable precision. We shall use this fact later in discussing 
the degree of heterozygous expression of the mutants. 

LETHAL A N D  DETRIMENTAL LOADS 

Lethal and detrimental mutation loads, measured in units of lethal equivalents 
(MORTON, CROW and MULLER 1956), were estimated by the methods of GREEN- 
BERG and CROW (1960) and TEMIN et al. (1969). These methods assume inde- 
pendent action of the genes involved. 

If 
A = original viability index (= 1 .OOO) 
B = mean viability index of all lines 
C = mean viability index OI all non lethal lines (I > 0.1) 
D = mean viability index of all non lethal, non-severely deleterious 

lines (I > 0.5) 

then the loads can be calculated by 

Lethal load: L = l n ( C / B )  
Severe deleterious load: D, = l n ( D / C )  
Mild deleterious load: Dm = In ( A / D )  

The values are given in Table 6.  
As expected, the lethal load per generation (0.00589) agrees well with the 

calculated mutation rate for lethals (0.0060), the minor discrepancy being caused 
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VIABILITY GENES IN DROSOPHILA 345 

TABLE 6 

Mean uiability indices at generation 40, standardized to I ,  = 1.0000, and genetic loads 

Viability index, I, 
B C D 

All lines (I > 0.1). (I > 0.5) 

Lethals Lethals and severely 
excluded detrimentals excluded 

CH 
PQ 
R T  

Pooled 

0.7(196 0.8249 0.8423 
0.6444 0.8221 0.8221 
0.5392 0.7?90 0.7696 
0.631 1 0.7987 0.8113 

Genetic loads 
Generation 40 Per generation 

Lethal load, L (I <0.1) 0.2355 0.00589 
Severe deleterious load, D ,  (0.1 < I < 0.5) 0.00039 

Total load 0.4502 0.01 150 

0.0156 
Mild deleterious load, D, (I > 0.5) 0.2091 0.00522 

D,/L 
D,/L, natural population 

0.888 
0.385 

by the few flies that appear in "lethal" cultures where the 10% criterion is used. 
The mild deleterious load (0.00522) is roughly the same as M from Table 4 
(0.00403). The difference is caused by there being a Poisson correction in the 
load calculation and by the load calculation being based only on generation 40 
rather than the regression using the other measurements. Also, for the D, of 
newly arisen mutations the cutoff is at 0.5 whereas for  the estimation of M it is 
y = yo - bx - 0.3. 

The choice of 50% for the border between mild and severely deleterious 
mutants was to make the data comparable to the calculations of TEMIN (1966) 
and TEMIN et al. (1969) based on natural populations. The D,/L ratio from the 
latter study is given at the bottom of Table 6. 

The D,/L ratio for new mutants is somewhat larger than for chromosomes 
from a natural population, suggesting the surprising conclusion that elimination 
through heterozygous selection in natural populations is more rapid for the mildly 
deleterious mutants than for the lethals. This implies a large effect of the mild 
mutants on heterozygous viability and fitness, and this is the subject of the next 
section. 

11. DOMINANCE OF VIABILITY POLYGENES IN A 
NATURAL POPULATION 

MATERIALS A N D  METHODS 

Estimation of relatiue uiabilities of homozygotes and heterozygotes: A number of second 
chromosomes were extracted from a wild population in Raleigh, N. C. In each case a single male 
from the wild population was mated with C-160 (Cy/&"). A single random Cy/+ or Pm/+ 
male progeny was mated back to Cy/Pm females. From this cross Cy/+ males and females were 
mated and the stock maintained in this way. Chromosomes carrying one or more lethals could be 
identified by the absence of non-Curly flies. Most of the lines were tested within two or three 
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VIABILITY GENES IN DROSOPHILA 347 

generations. Since the maximum length of time that any line was kept before testing was about 
5 generations and the stocks were kept at 19°C it is not likely that spontaneous mutations that 
occurred during this period added significantly to the number of mutations per chromosome. 

The estimation of homozygote viability was the same as the procedure for the accumulation 
experiments described above, that is 5 Cy/+ males were mated with 5 Cy/+ females from the 
same chromosome line. The viabilities of heterozygotes were estimated by crossing Cy/+ males 
with Cy/+ females from a different line. The index of viability, I, was 2(+/$.)/[ (Cy/+) -k 13, 
as before. Progeny were counted 4 times until the 18th day. All chromosomes were examined 
cytologically in salivary gland preparations to detect inversions. 

Statistical procedures for estimating average dominance: Since each heterozygote and the two 
corresponding homozygotes contain at m x t  two alleles at any one locus a 2-allele model is 
sufficient. Letting p be the frequency of the ‘‘normal” gene and q = 1 - p be the frequency 
of the deleterious gene, we have for a particular locus: 

Hcterozygous genotype AA Aa aa 
Frequency in random combinations PZ 2Pq q2 
Deleterious viability effect, y 0 hs S 

Sum of viability effects, z 0 S 2s 
Correspmding homozygotes A A f A A  AA+aa  aa + aa 

Variance of x: v, = 2pqsz (6) 
(7) Covariance: cov,, = 2pqsZ[h + q( l  - 2h)l ,” 2pqs2h 

The approximation in equation 7 is justified by the small value of q. 
The expected regression of heterozygous viability on the sum of the two corresponding homo- 

zygotes is given by the ratio of the covariance to the variance, summed over all relevant loci, or 

Note that h is the weighted average of the hi’s, the weight being proportional to the genetic 
variance of the homozygotes. Since the genetic variance of a locus depends on its probability of 
being heterozygous, those mutants that persist longest will make the largest contribution to the 
aLerage. This means that h will be expected to be less than if it  were measured on newly occur- 
ring mutants. 

The genetic variances and covariances were estimated by standard methods of analysis of 
variance and covariance. Then the weighted average dominance, h, was obtained from the ratio 
of the genetic covariance to the genetic variance of the sum of the homozygotes. 

Only mildly deleterious homozygotes were included in the analysis, the criterion being a 
viability index of 0.6 or higher. 

EXPERIMENTAL RESULTS A N D  ESTIMATES O F  DOMINANCE 

The results are summarized in Table 7. 
The 1968 and 1969 experiments were analyzed separately. Because of the 

possibility that inversions may be having some effect on the measurements, the 
data were reanalyzed using only inversion-free chromosomes. These are in the 
right half of the table. 

The data are also dichotomized in another way, by being divided into two 
groups: (1 ) those heterozygotes in which both chromosomes are at most mildly 
deleterious, and (2) those in which one chromosome carried a lethal and the 
other a mild chromosome. Chromosomes with viability between 0.1 and 0.6 are 
not included at all; there weren’t many. 

The analysis is complicated by the fact that the matings were made from 
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348 T. MUKAI et al. 

random crosses without regard to whether the chromosome carried a lethal or an 
inversion. So the analysis has to be made retrospectively on the appropriate sub- 
sets. In a few cases the same chromosome appears twice in the analysis, once in 
a lethal heterozygote and once in a lethal-free heterozygote. This means that the 
precision of the estimates may be slightly overestimated. 

The two columns at the far right represent a separate experiment made from 
47 heterozygotes (and the constituent homozygotes) chosen to be free of lethals 
and inversions. These include some of the same chromosomes already analyzed. 
There were two independent experiments and 10 replications. 

Although the errors are large, each of the separate tests gave a positive value 
of E. The range is from 0.088 to 0.364. There is no significant effect of inversions 
or of lethals in the other chromosome in heterozygotes with the tested chromo- 
some, although the power of the experiment to detect such effects is quite small. 
The overall means given at the bottom of the table are obtained by weighting 
each of the constituents by the reciprocal of its variance. The mean value, 0.21, 
is in the range of the values predicted by MUKAI ( 1969a), 0.17 - 0.27, based on 
the distribution of viabilities for newly arising mutants, and taking account of the 
longer persistence expected of the mutants with smaller h values. 

Notice that if a locus is overdominant the sign of h is negative and s is positive. 
For a heterotic locus the equilibrium value of g is -h/(l - 2h). Substituting 
this into equation 7 shows that the term in brackets is zera, and therefore the 
covariance is zero. The positive values in these data argue that a substantial 
fraction of the genetic variance of homozygotes comes from loci where h is posi- 
tive; otherwise h would be smaller than predicted frcm new mutants, for the 
prediction was based assuming no overdominance. This is another way of saying 
that the decline of viability with inbreeding is largely caused by loci that are not 
overdominant. On the other hand, this is not the same as saying that the genetic 
variance in a randomly mating population is similarly determined. Overdomi- 
nant loci may well be making the major contribution to this (see CROW 1952). 
As can be seen irom Table 7 the genotypic variance of the heterozygotes is small 
and very poorly estimated so it cannot be used as the basis for any estimates. 

Many estimates of dominance from regression analysis are suspect because the 
homozygous and heterozygous tests of the same chromosome are usually done 
simultaneously although the entire experiment may spread over a large time 
period. As a consequence, there inay be spurious correlations caused by temporal 
fluctuations in the environment. Such effects might be expected to be small, since 
in each case the wild-type flies are measured in comparison with mutant flies in 
the came culture. However. just such an effect was found by KENYON (1967) in 
her stud'e; on homozygous and heterozygous fourth chromocomes. 

The 1968 experiments were donc 11 times and the 1969 experiments 3 times. 
To rule out the influence of secular changes the values within each time period 
were adjusted to make the average viability index of the heterozygous combina- 
tions equal to one. The data for the first 8 columns in Table 7 have been adjusted 
in this fashion before analysis, thus eliminating the effect of any time trend in 
the relative viability of curly-winged and wild-type flies. The last two columns 
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VIABILITY GENES IN DROSOPHILA 349 

represent two separate experiments designed specifically to overcome this possible 
difficulty. These two experiments were done at different times, but the cultures 
within an experiment were contemporaneous and were grown under conditions 
as nearly identical as possible. The fact that all the experiments give about the 
same correlations argues that spurious correlations from fluctuating environ- 
ments are not important in these data. 

III. DISCUSSION 

ADEQUACY O F  EXPERIMENTAL METHODS 

MUKAI (1964) employed a different procedure, the “order method”, for the 
estimation of the control viability for each generation. Lines were chosen that 
had the highest viability and it was assumed that these had no mutations. Then 
the average viability of these lines was used as a control. However, the lines were 
selected in a later generation but used as a control for the earlier generation; that 
is, it was assumed that if a line had no mutants in generation 20 then it had none 
in generation 10, so its viability in generation 10 was used as the control value for 
generation IO. The object was to provide a contemporary control and thus avoid 
the problem of a possibly fluctuating environment. 

We have also done separate calculations for some of the present data this way. 
This method can be used only  when the line is maintained through a single male 
in each generation, so it is not applicable to the high density subgroups. Further- 
more, by generation 30 it was likely that practically every line had at least one 
mutant. In the low density subgroups the control values for generation 10 were 
taken from the lines with the highest viability in generation 20,2 lines in each 
subgroup. In the high density subgroups independent viability tests were made 
from the offspring of each of the chromosomes tested in generation IO, and from 
these the two most viable lines were used on the basis of the progeny test. The 
results are presented in Table 8. 

The upper line gives the control viability as computed by this order method. 
The lower two values give the value as obtained by regression; these are the same 
values as were given in Tables 1-3. I t  can be seen that there is good agreement 
between the two methods. 

TABLE 8 

Comparison of the generation 0 uiability index, I,, as estimated by the order method from 
selected lines in generation 10 with that obtained b y  back extrapolation from 

the regression of viability on generation number 

Group 
CH PQ RT Average 

Order method 1.0116 0.9677 0.7949 0.9247 
Regression method 

Excluding lethals only 1.0129 0.9962 0.7474 0.9188 
Excluding lethals and 

severely deleterious 1.0053 1.0040 0.7572 0.9222 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/72/2/335/5990661 by guest on 25 M

ay 2023



350 T. MUKAI et al. 

The regression method suffers from the absence of a control value measured 
at the same time as the experimental values are taken. It would be invalid if 
there were changes in the environment through time that altered the relation- 
ship between the Cy/+ phenotype and the wild type. The order method involves 
the assumption that the high-viability chromosomes are free of mutations. It 
would be invalidated, for example, by a favorable mutation and it is less powerful 
statistically. The good agreement for the control values argues that they are 
substantially equivalent. 

Further evidence is. provided by the close agreement with the mutation rate 
estimates from MUKAI’S earlier paper. 

Present study MUKAI (1964) 

Genetic load/generation Zus = 0.0040 Zus = 0.0038 
Mutation rate/generation Zu 2 0.172 Z u  2 0.141 
Mean viability effect S I 0.023 S I 0.027 
Standard deviation of s us I 0.012 us 5 0.013 

MUKAI used the order method. For comparison. the values which did not include 
lethals and severe detrimentals are used, since these classes were excluded in the 
earlier study. 

The mutation rate estimates do not take into account the possibility of epistasis. 
A synergistic interaction has in fact been demonstrated (MUKAI 1969) when the 
experiment continued for a longer number of generations. However in the present 
data there was no significant departure from linearity, nor would the earlier 
data lead us to expect enough curvilinearity in 40 generations to alter the muta- 
tion estimates materially. For a discussion of the consequences of epistasis on the 
mutation rate estimate and the mutation load, see CROW (1970). 

THE HIGH MUTATION RATE FOR VIABILITY POLYGENES 

As mentioned earlier the present results are in good agreement with, and add 
support to the earlier studies of MUKAI. For reasons already discussed, the muta- 
tion rate estimate depends strongly on the genetic variance from chromosome 
to chromosome and is therefore quite uncertain. In particular it is not possible 
to set any meaningful upper limit. But it is clear that the rate is much higher 
than the lethal rate, by a factor of at least 10 and perhaps considerably more. The 
studies of WHITFIELD, MARTIN and AMES (1966) may be relevant. They found 
that only about 10% of the expected number of base substitution mutations in 
Salmonella were detected as conditional lethals, the others presumably having 
effects too small to be noticed in the test system used. This is in agreement with 
our minimum estimate of 10 times as many mild as lethal mutatisons. However, 
their data suggest that the ratio is not much higher than 10, thus not leaving 
much room for a very large number of very nearly neutral mutations-at least 
among missense mutants. 

A mutation rate of 0.12 per chromosome per generation (from the right column 
of Table 5 )  corresponds to a rate of about 0.3 per gamete. We see no reason to 
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regard minor deleterious mutants as coming from different loci than lethals, but 
prefer to regard them as less drastic alterations of the same genes. According to 
SHANNON, KAUFMAN and JUDD (1970) and more recent analyses (B. H. JUDD, 
personal communication), there is a perfect correspondence between the number 
of Drosophila salivary chromosome bands and lethal and visible mutation-pro- 
ducing cistrons at the left end of the X chromosome. Taking 6000 as the number 
of chromosome bands, this amounts to a mutation rate of 0.3/6000 = 5 X 
per cistron. The lethal rate is about 0.015 per gamete or, on the same assump- 
tions, 2 X 10d6 per gene. 

THE H I G H  PARTIAL DOMINANCE O F  VIABILITY MUTANTS 

Several investigators have reported a high degree of heterozygous expression 
of “recessive” minor viability genes in chromosomes from natural populations 
of Drosophila (GREENBERG and CROW 1960; TEMIN 1966; WILLS 1966; MUKAI 
and YAMAZAKI 1964, 1968; MORTON, CHUNG and FRIEDMAN 1968; MUKAI 
1969a; TEMIN et al. 1969). They all suggest that the dominance is considerably 
larger than for lethals. 

The average dominance will be expected to differ according to whether the 
mutants are newly arising or have come to equilibrium under long-time natural 
selection. It will also be expected to differ according to whether the trait measured 
is total fitness or only some component thereof, such as viability. 

The average dominance of newly occurring mutants, ZN, was estimated by 
essentially the same methods as we have used in this paper (MUKAI and YAMA- 
ZAKI 1964, 1968), that is, from the regression of the heterozygote on the sum of 
the component homozygotes. The values obtained were 0.40 and 0.41. These are 
to be compared with the value for chromosomes extracted from a natural popu- 
lation, 0.21, as reported here. 

MORTON, CROW and MULLER (1956) and HIRAIZUMI and CROW (1960) showed 
that if all selection is based on viability of heterozygotes the arithmetic mean of 
the dominance at equilibrium, xE, is the same as the harmonic mean for new 

mutants, h,. MUKAI (1969a) has computed the expected harmonic mean based 
on the genetic variance of the dominance of new mutants. Two different assump- 
tions about the form of the distribution gave values in the range 0.17-0.27, 
neatly bracketing the 0.21 which was measured directly later. 

Of equal or greater interest is the amount of heterozygous effect that these 
minor mutants have on total fitness. This cannot be measured directly in our 
experiments, but we can get some estimates by comparing the loads for new 
mutants and equilibrium populations. The results are summarized below, using 
our data (Table 6) for new mutants and Table 4 from TEMIN et al. (1969) for 
chromosomes from a wild population. 

- 

New mutants Natural 
per generation population Ratio 

Mildly deleterious, D, 0.0052 0.095 18.3 
Lethals, L 0.0060 0.247 41.2 
D,/L 0.888 0.385 
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This says that there are about 42 times as many lethals in a natural population 
as arise by mutation in a single generation; so we might infer that the mean 
persistence of a lethal mutant in the population is 42 generations. A persistence 
of 42 generations corresponds to a probability of elimination per generation of 
1/42, or 0.024. If selection is through heterozygous effects then the average 
dominance of lethals in a natural population at equilibrium is 0.024. This is the 
dominance for total fitness, not just viability. For a more extensive discussion 
taking homozygous eliminations into account, see CROW and TEMIN (1964) and 
CROW (1964) ; but cf. WALLACE (1966,1968). 

By the same reasoning we reach the conclusion that the persistence of mildly 
deleterious mutants is shorter than the lethals, 18.3 us. 41.2. But we must note 
that the new mutants and the equilibrium chromosomes are measured from a 
different baseline. In  the first case the comparison is between chromosomes carry- 
ing new mutants and the same cliromosomes before the mutations occurred; in 
the second the comparison is between homozygous and heterozygous combina- 
tions of the same chromosomes, 

We can get around this difficulty as follows. It follows a line rather similar to 
that used earlier by CROW (1968). 

Let u be the viability of a mutant-free homozygote and U + k that of a mutant- 
free heterozygote; that is to say, k is the effect of overdominance and other factors 
not proportional to the mutation rate in increasing the viability of heterozygotes. 
Then U - m is the average viability of a homozygote with an equilibrium number 
of mutants and U + k - 2hEm is the average viability of a heterozygote, since the 
heterozygote has 2 chromosomes each expressing a fraction & of the homozygous 
effect. (We are assuming simple additivity of viability effects; the uncertainty 
of the data and the nature of the assumptions do not justify a more elaborate 
model.) The observed detrimental load, D,, then is a measure of (U 3- k - 2&m) 

The equilibrium frequency of 2 mutant gene, neglecting homozygous selection, 
is u/h’s, where as before U is the mutation rate and h’s is the amount of selection 
against the heterozygote, and s is the selection based on homozygous viability. 
Note that h’s is based on total fitness, not just viability. The expected value 
of m is: 

- ( u - m )  = k +  (1 -2zE)m. 

where, as before, the tilde designates the harmonic mean and the subscript N 
indicates that we are referring to the value for new mutants. 

We then have 
Z U i  

h’N 
A +  (1 -2&) 7- -D,. 

Multiplying by S and noting from equation (1)  that S Xui = M ,  we have 

- (I -e&)&? h‘= - 
s ( 0 m  - k) . 
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VIABILITY GENES IN DROSOPHILA 353 

We already have the estimates: 

M = 0.004 (from Table 4) 
D, = 0.095 (from TEMIN et al. 1969) 

= 0.21 (from Table 7) 
S < 0.075 (from Table 5) 

The value of k is unknown, but it cannot be greater than Dm unless & > 0.5, 
which is unlikely, for this would imply that none of the inbreeding effect on via- 
bility is caused by mutants. The minimum value of htN is given when S = 0.075 
and k = 0; this is 0.32. Since the arithmetic mean is larger than the harmonic 

- 

- -  
mean h’, > hfX. 

Summarizing the estimates: 

- Viability 
Dominance of new mutants: 
Dominance of equilibrium mutants: 

hN = 0.4 
223 = 0.2 
- 

Total fitness 
“Dominance” of new mutants: &> 0.32 

It is very likely that S is considerably less than 0.075 and k is almost certainly 
greater than zero. Thus h“ may well be considerably larger; for example, with 
the more realistic values S = 0.03 and E = 0.02, the value is 1.00, and the value 
could easily be greater. 

The “dominance” value h’ is a rather unusual measure. It is the heterozygous 
effect on total fitness expressed as a fraction of the homozygous effect on viability 
alone. A value larger than one doesn’t mean that the heterozygote is worse than 
the mutant homozygote; it simply means that the mutant has a larger effect on 
total fitness as a heterozygote than it does on viability alone as a homozygote. 

Despite the indirect nature of these measures and despite the fact that we 
cannot measure what we would like most to measure-the average dominance 
for total fitness-the general conclusion is clear: Mutants causing minor effects 
on viability have relatively large heterozygous expression, large enough that all 
but those with extremely minute fitness effects are eliminated through heterozy- 
gous effects in any sizable population with random mating. 

Mutants with a homozygous effect on viability of 1-10 percent would appear 
to have virtually the same kinetics as “recessive” lethals and severe detrimentals. 
Both are ordinarily eliminated from the population through heterozygous effects 
on total fitness and persist in the population some 20-100 generations. 

What is the nature of these minor mutants? Why their high mutability and 
relatively large heterozygous effect? We suggest that they may be mainly mis- 
sense mutants that cause only minor alterations in the function of the gene 
product. The normal and the mutant in heterozygotes then produce an effect 
that is roughly the average of their homozygous effects. For example, if the 
product is an enzyme the mutant and normal might be equally effective in com- 
peting for substrate, but convert it with different efficiencies, leading to an inter- 
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mediate heterozygote. On the other hand, the lethals may represent gross alter- 
ations, complete inactivations, or effective deletions that leave the normal allele 
to function without competition. Thus we might expect the lethals to be much 
more nearly recessive than the mild mutants. 
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