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ABSTRACT

X chromosomes mutagenized with EMS were tested for their effects on
the fitness of hemizygous carriers. The tests were carried out in populations
in which treated and untreated X chromosomes segregated from matings
between males and attached-X females; the populations were maintained
for several generations, during which time changes in the frequencies of the
treated and untreated chromosomes were observed. From the rates at which the
frequencies changed, the fitness effects of the treated chromosomes were deter-
mined. It was found that flies hemizygous for a mutagenized chromosome were
1.7% less fit per mm EMS treatment than those hemizygous for an untreated
chromosome. Since the same flies were only 0.5% per mm less viable than their
untreated ccunterparts, the total fitness effect of an X chromosome carrying
EMS-induced mutants is three to four times greater than its viability effect.
By comparing the heterozygous effect of a mutagenized X chromosome on fit-
ness with the corresponding hemizygous effect, the dominance value for the
chromosome is estimated to be about 0.25.

MUTATION S provide the raw material for evolution. However, most of them

are harmful. Their debilitating effects have been studied primarily from
the standpoint of viability (Mukar 1964; Mukar et al. 1972), but they are also
known to affect other components of fitness, such as fertility (Crunc 1962;
TemIN 1966).

We have investigated the total fitness effects of EMS-induced mutations on
the X chromosome of Drosophila melanogaster. The effects were ascertained by
monitoring the frequencies of treated and untreated chromosomes in multi-
generation experiments. The induced hemizygous fitness effects are reported
in this paper, while the heterozygous fitness effects are reported in the preceding
one (MrrcHELL 1977). In addition, single generation experiments described
by Mrrcuerr (1977) allowed measurement of the effects of the induced mutants
on viability alone.
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MATERIALS AND METHODS

The stocks and mutagenesis procedures have been presented in MitcaerL (1977). Here we
describe only those procedures peculiar to the determination of the hemizygous fitness effects
of the treated chromosomes.

Two types of X chromosomes (3! w® and »? v) were mutagenized with EMS in such a way
that 6 levels of treaiment were obtained; in addition, untreated chromosomes of both genotypes
were maintained in stock. By mating males carrying treated and untreated X chromosomes to
altached-X females (C(1)DX), it was possible to establish populations in which the two kinds
of males competed with one ancther for food, space, and mates. The effects of the treated chromo-
somes on total fitness could then be determined by monitoring the frequencies of the two male
types over time. This strategy worked because when males are mated to attached-X females,
they transmit an X chromosome to their sons. This fact permits an analysis of male frequency
changes based on a model of selection for an asexual organism; from the analysis, estimates
for the fitness effects of the treated chromosomes could bhe obtained.

To establish the test populations, males carrying X chromosomes of both genotypes were
collected from the viability tests described in MrrcrEry (1977). These chromosomes were repli-
cated by two generations of matings to C(7)DX females. Then males carrying a chromosome
of interest were mated to 50 C(7)DX females in vials (about 25 males X 25 females per vial,
2 vials per chromosome). After two days, matings between y? v males and C(7)DX females,
and those between y! w® males and C(1)DX females were mixed in bottles. The mixing was
done so that a treated y? v chromosome was placed with an untreated y! w? one, and vice-versa.
Males carrying these different X chromosomes can easily be distinguished from one another
by eye phenotype (vermilion vs. apricot). A total of 360 populations were established, 60 from
each level of EMS treatment. The two chromosomes involved in each population were chosen
to correspond to the two chromosomes tested for heterozygous fitness effects (see MITGHELL,
1977). The same 60 untreated chromosomes were used as competitors for the 60 treated chromo-
somes which came from each level of treatment. Half the populations in the experiment were
vermilion-treated, the other half were apricot-treated.

To maintain the populations on a schedule of discrete, non-overlapping generations, parents
were cleared from each of the population bottles (quarter pint size) after 4 days, and after 11,
male progeny were classified and counted. These males, along with their sisters, were then
placed in a new bottle to begin another generation of competition. Whenever females carrying
free-X chromosomes were spotted, they were eliminated; these troublesome flies originated from
paternal nondisjunction in the second meiotic division.

The frequencies of the two types of males in a population were monitored over several gen-
erations until one type was 90% of the total. Then the population was considered “fixed” and
was terminated. The relative fitnesses of the two X chromosomes were sufficiently different that
almost all populations were fixed within 6 generations, at which time the entire experiment
was ended. A total of 173,638 flies were counted to estimate the hemizygous fitness effects in
the 360 populations studied. The standard cornmeal-molasses medium was used throughout
this work, and all cultures were raised at 25°.

ANALYSIS

The estimation procedure has been described by Srmmons, Smerpon and
Crow (1978), but we summarize it here briefly. The ratio of competing male
types (apricot to vermilion) in a population in generation ¢ (R;) is a function
of the initial ratio and the intensity of celection. Since the ratio cf males in gen-
eration ¢ differs from that in generation ¢ — 1 only by the effect of one generation
of selection, then R;/R, - — D, estimates that effect. Ewvery generation-to-genera-
tion transition provides an estimate of the effect, so data collected from a popu-
lation over many generations can be pooled to obtain an avercge estimate (K:)
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for the i** chromosome tested. The pooling procedure involves weighting the log
of each Dt by the reciprocal of its large sample binomial variance, which in this
case is W; = N.P,(1—P,). In this expression N is the total number of males
counted in generation #, and P, is the proportion which are apricot. The K; are
then estimated by the formula

Ki:E(IOgﬁt)Wt/EWt . (1)

We use the log of I, because selection has two postulated components in these
experiments, an extrinsic one due to the effects of induced mutants, and an
intrinsic one, arising from differences in the tester chromosomes. We assume
that these two components act multiplicatively, so that log D, estimates the sum
of the intrinsic and extrinsic components. In the vermilion-treated half of the
experiment, the sign of the extrinsic component is opposite that in the apricot-
treated half because the induced mutants affect the denominator of the apricot to
vermilion ratio, while in the apricot-treated half they affect the numerator. Thus,
the extrinsic component estimated in the vermilion-treated part of the experi-
ment is the same size as, but opposite in sign to, that estimated in the apricot-
treated part. To calculate the extrinsic component, we obtain an unweighted
average of the K; in each half of the experiment; for the apricot-treated popula-
tions, we let K, denote this value, and for the vermilion-treated populations, we
use Ky. Then L= (Ky — K,) /2 estimates the log of the extrinsic effect relative
to zero (no effect), and # = e — 1 estimates the extrinsic effect itself, again
relative to zero (no effect). Qur convention is that negative effects are deleterious,
and positive ones are beneficial. To estimate the intrinsic selective effect, we
calculate M= (K,+ k) /2. This estimates the log of the intrinsic effect, so that
é = eP — 1 estimates the effect itself. By convention, negative values of 4 imply
superiority of the vermilion chromosome over the apricot one. The large sample
variances of # and 4 are obtained from the following formulae:

V() =V(L)et (2)
V(@) =V (M)eH | (3)

where V(ﬁ) and V(M ) are calculated with the formula
1% (V(Ky) +V(ED) (4)

For statistical analysis, outlying values of the K; were ignored. These were
defined as those values in a group deviating from the median of the empirical
distribution of the group by more than 2 units, and always came from popula-
tions which had “fixed” in one generation.

RESULTS

The selective effects estimated from our data are shown in Table 1. Both
intrinsic and extrinsic (induced) effects are given for each level of treatment.
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Induced and intrinsic hemizygous fitness effects
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TABLE 1

EMS dose Apricot treated Vermilion treated Induced effect Intrinsic effect

(mn) N J N J =+ standard error = standard error
2.5 27 1.89 26 2.65 —0.1545 + 0.0264 —0.6933 = 0.0096
—0.1291 + 0.0682 —0.7089 + 0.0228
5.0 26 227 23 3.39 —0.1503 + 0.0240 —0.6150 %= 0.0109
—0.1333 + 0.0606 —0.6373 = 0.0253
7.5 24 2.04 23 2.70 —0.1009 = 0.0298 —0.6756 = 0.0107
—0.1030 # 0.0863 —0.6969 =+ 0.0292
10.0 24 1.92 24 2.54 —0.1032 + 0.0357 —0.6817 = 0.0127
—0.0822 + 0.0831 —0.7084 = 0.0265
15.0 20 1.75 27 3.52 —0.3795 + 0.0252 —0.5968 + 0.0164
—0.3813 + 0.0612 —0.6279 = 0.0368
30.0 21 1.24 24 2.87 —0.4393 + 0.0252 —0.7389 * 0.0118

—0.4197 *+ 0.0593

—0.7522 * 0.0253

Mean —0.6669 * 0.0050

—0.6886 = 0.0114

N =number of populations, J == number of generation to generation transitions (“jumps”)
per population. The first estimate was obtained by the weighted analysis, the second by the
unweighted one. Note that the unweighted procedure gives less precise estimates, as explained
in the text.

Since the intrinsic selective effects are large, the populations were rapidly fixed
for the favored chromosome (which was y%v). Unweighted estimates of the
selective effects, as well as weighted ones, are presented in the table. The un-
weighted figures were computed by setting the weights in our algorithm equal
to one; thus, all observations were counted equally. This had the effect of using
the difference between the log of the last ratio and that of the first, divided by
the number of cycles of selection, to estimate the selective effect of a chromosome.
The weighted and unweighted estimates turn out to be very similar, probably
because most populations were monitored for less than 3 cycles of selection
(“Jumps” in Table 1). Nevertheless, the unweighted estimates have larger stan-
dard errors, since they take no account of the information provided by the
intermediate data points which are included in the weighted analysis.

The overall weighted estimate for the intrinsic effect is —0.6669 = 0.0050;
the corresponding unweighted estimate is —0.6886 = 0.0114. These imply that
the relative fitnesses of the apricot and vermilion males are about 0.32 (apricot)
and 1.00 (vermilion).

Since the extrinsic effects generally increase with the level of EMS treatment,
we have modeled the increase with a regression line constrained to pass through
zero. The model, ¥ = B, X (Y = extrinsic effect, X = level of treatment) was
chosen over a purely quadratic one (¥ = B,X*?) and over a combination of the
two (Y = B,X + B,X?), because it adequately explains the data. Based on the
weighted values, B, is estimated to be —0.0166 = 0.0026, which is significantly
different from zero. This implies that flies carrying a chromosome treated with
a 1 mm dose of EMS are about 1.79 less fit than their untreated counterparts..
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Thus, at the highest treatment level (30 mm) the intrinsic fitness of the tested
chromosomes was reduced by about 509. The unweighted points give a value
of —0.0159 + 0.0025 for B,, again significantly different from zero and quite
similar to the weighted estimate. The regression lines based on the weighted and
unweighted data are shown in Figure 1.

DISCUSSION

A. Hemizygous fitness effects

Drosophila X chromosomes mutagenized with EMS seem to reduce the fitness
of their hemizygous carriers by an amount which is proportional to the dose of
the mutagen; the average fitness reduction per mm EMS is estimated to be 1.7%,
using a mutation-free chromosome as a standard. From the data we have col-
lected, there is no evidence for non-linearity in the dose-effect relationship; this
agrees with the observations made in the preceding paper, namely that the viabil-
ities of hemizygotes and homozygotes decline linearly with increasing EMS dose.
However, the power of the statistical analysis is not great. To the extent the data
permit, this suggests that there are no load-reducing interactions among the
induced mutations. However, such interactions were detected among spontaneous
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Ficure 1.—Induced hemizygous fitness effects as a function of EMS dose. Observed points
and estimated regression lines are shown, with the circles and dashed lines referring to the
weighted analysis and the stars and dotted lines referring to the unweighted analysis. Negative
effects are, by convention, deleterious.
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mutants by Mugkar (1969), and among mutations from an equilibrium popula-
tion by TEmin et al. (1969), but in both cases their effects were slight. We
suspect that chromosomes with many mutants, among which interactions might
have occurred, were lost during our experiment, so their effects were never
recognized. As was mentioned in the previous paper, the mutations in these
experiments were accumulated on unsheltered X chromosomes, which were sub-
ject to selection, so we think our final sample of treated chromosomes was a
biased one; it did not represent the total array of debilitating mutations induced
by the treatment. However, since the main purpose of this research was to com-
pare fitness effects and viability effects of mild mutants, the loss of the more
drastic mutants is not a major concern.

B. Fitness effects and viability effects

The decline in hemizygous viability reported in the preceding paper amounts
to 0.5% per mm EMS, while the decline in hemizygous fitness reported here is
1.7%. This implies that the fitness effects of EMS-induced mutations are more
than 3 times larger than their corresponding viability effects. In these experi-
ments, the intrinsic hemizygous viability of the apricot chromosome was about
189 less than that of the vermilion one. However, the intrinsic hemizygous fit-
ness of the apricot chromosome was 689% less than that of the vermilion one.
Thus, the intrinsic effects of these chromosomes on fitness are about 4 times
larger than their effects on viability.

These results indicate that there is much more to fitness than just viability.
Kw~rcaT and RoBerTson (1957), Svep (1971) and Svep and Avara (1970) sug-
gested that fertility makes a more important contribution to overall fitness than
viability. From our data. the fertility component would seem to be 3—4 times as
large as the viability one. However, this relationship could be distorted in favor
of the viability component, since chromosomes with large fitness effects were
fixed before the first population counts. For this reason, the fitness effects are
probably underestimated, relative to the viability ones, so the relationship
between total fitness and its viability component is biased. This seems to justify
the statement that the fertility component of fitness is more than 3—4 times the
viability component.

Our results agree with Sven’s (1971) observation that the cumulative effect
on fitness of the mutants carried by a chromosome taken from a natural popula-
tion is greater than the cumulative viability effect. Stmmons, SmELDON and
Crow (1978) also suggested that the fitness effect of a chromosome carrying
mutants, in this case EMS-induced ones, was larger than the viability effect.
That the fitness effects of mutants are larger than their viability effects suggests
that most mutations should be rapidly eliminated from a natural population if
they are partially dominant. This seems to be the case for lethals (Crow and
Temin 1964), and may also be so for detrimentals. An empirical prediction
stemming from the relationship between total fitness and its viability component
is that the total inbreeding depression obtained by making Drosophila chromo-
somes homozygous must be quite large, at least 3—4 times larger than that esti-
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mated by studying the viabilities of homozygous flies. Svep (1971) suggested
that this is indeed the case; he found that homozygosis for a second chromosome
taken from nature lowers fitness by 859%,. The comparable viability reduction
is about 10-159%, (TeminN 1966; TEMIN ef al. 1969).

C. Dominance estimates

By comparing the estimates for the heterozygous fitness effects of the induced
mutants (found in MrrcrELL, 1977) with the corresponding hemizygous fitness
effects (found in this paper), an average value for the dominance of the mutants
can be obtained. This average is weighted by the selective effects of the mutants
and by their mutation rates. The weight is, therefore, a measure of the total
impact each mutation has on the population. Formally, the total X chromosome
heterozygous fitness effect is

Suwh ,

where u is the mutation rate at a particular locus, w is the selective effect of a
mutant at that locus, and 4 is its measure of dominance. Accordingly, the total X
chromosome hemizygous fitness effect is

Suw .

Using the weighted estimates of this paper and Mrrcuers (1977), we obtain

z:Euwh/Euw (5)
= —0.0041 / —0.0166
=0.247 = 0.072 .

The unweighted estimates give

h=—0.0044 —0.0159
—0.277 = 0.082 .

Maximum likelihood estimates of the variances of these values were obtained by
the formula

V(h) = (V(zuwh) + V (suw) k) /(Suw)? . (6)

A
Since the numerator and denominator of 4 are correlated, this formula should
include a covariance term. However, the covariance cannot be calculated from
A

the data, so we regard the estimated variance of % as an upper limit; the covari-
ance term would necessarily reduce it.

Thus the average dominance value with respect to fitness for EMS-induced
mutations on the X chromosome is about 0.25. This value neglects major differ-
ences between the effects of mutations in males and females.

The dominance value for fitness agrees remarkably well with estimates which
come from the viability studies of TEmin (0.20, in preparation) and OmNIsHI
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(0.27, 1977); both examined the viability-reducing effects of EMS-induced
detrimentals on the Drosophila second chromosome. Our estimate for the average
dominance of EMS-induced mutations, as well as those of TEmin and OuNIsHI,
is lower than estimates obtained for spontaneous mutants (0.40, Mugar et al.
1972; 0.49, Oun~isar 1977). This seems to indicate that EMS-induced mutants
have a different character than spontaneous ones. For Drosophila, the molecular
nature of both types of lesions is obscure. However, we do know that the distribu-
tion of effects of EMS-induced mutants, at least with respect to viability, is dif-
ferent from that of spontaneous ones (OmnisH1 1974, 1977): EMS-induced
mutants have a larger mean effect, or a larger variance of the effect, or both.
‘What we find interesting is that the dominance value for fitness for EMS-induced
mutants is essentially the same as the dominance value for viability. No one has
estimated the dominance value for fitness for spontaneous mutants, but the value
for viability has been measured. In light of the results with EMS-induced
mutants, it is not unreasonable to speculate that the dominance for fitness and
that for viability are the same.

The authors wish to express their sincere appreciation to James F. Crow for advice and
guidance throughout all stages of this work. We also wish to thank Emiy W. SueLponN for her
technical assistance.
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