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ABSTRACT

Genic variation in male haploids and male diploids was compared as-
suming constant fitnesses (derived from computer-generated random num-
bers) and infinite population size. Several models were studied, differing by
the fitness correlation between the sexes (r;) and genotypes (r,), and by the
intensity of selection as measured by the coefficient of variation (CV) of the
fitness distribution. Genic variation was quantified using the proportion of
polymorphic loci, P, the gene diversity at polymorphic loci, H,, and the gene
diversity over all loci, H,. The two genetic systems were compared via varia-
tion ratios: variation in male haploidy/variation in male diploidy. P and
H, were markedly lower for male-haploids than for male diploids, the varia-
tion ratios declining with increasing r,, r, and CV, but the two genetic
systems were similar for H,. Except for male diploids with r; =1, the two
sexes had different equilibrium gene frequencies but the sample sizes required
to detect such differences reliably were larger than usually possible in surveys
of natural populations. Data from natural populations fit the above trends
qualitatively, but the variation ratios are much lower than those from our
analyses, except that for H, which is higher when Drosophila is excluded.
Also, the frequency distribution of most common alleles from electrophoretic
data has a deficiency of intermediate frequencies compared to that from the
computer-generated sets of fitnesses, possibly reflecting either the influence of
stochastic processes shifting frequencies away from equilibrium or the involve-
ment of alleles under selection-mutation balance.——While electrophoretic
data suggest that Drosophila has unusually high levels of genic variation, un-
usually low levels of genic variation in male haploids compared with male
diploids are not strongly indicated. However, if further data confirm male hap-
loids as having low levels of genic variation, likely explanations are that the
bulk of electrophoretically detected variation involves fixed-fitness balancing
selection, selection-mutation balance involving slightly deleterious recessive
alleles, new favorable male haploid alleles moving more rapidly to fixation than
under male diploidy and thus carrying linked loci to fixation faster, or some
combination of these possible factors.

N more than 159 of animal species, most notably in the Hymenoptera. normal

males are haploid and arise from unfertilized eggs, while females are diploid.
In such male haploids, every locus follows the dynamics associated only with
X-linked loci in species having both sexes diploid.

1 Permanent address: Department of Genetics, University of Helsinki, P. Rautatiekatu 13, SF-00100 Helsinki 10,
Finland.
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One consequence of selection in male haploids is that the frequency of deleteri-
ous recessive alleles is expected to be lower than in male diploids due to their
exposure to selection in the haploid males (Swerr 1932; Crozier 1970). A sec-
ond consequence concerns the expectation of balanced polymorphism, the condi-
tions for which have been examined by numerous authors ( BENNETT 1957, 1958;
ManpeL 1959; HaLbaNe and Javagar 1964; L 1967) for the case of sex linkage
and thus, by extension, for male haploidy. A principal finding has been that,
when the fitness of a hemizygous male is assumed to equal that of the corre-
sponding female homozygote, overdominance in the females is necessary, but
not sufficient, for balanced polymorphism to occur. Under this assumption, the
expectation of balanced polymorphism in male haploids is reduced compared to
that of the diploid autosomal case (HarTL 1971). Examination of various regular
selection models in which polymorphism stems from selection being of opposite
direction in the two sexes leads to the same finding (LesTER and SELANDER 1979;
Pamiro 1979),

Crozier (1970, 1975 pp. 74-75) investigated the effects of reducing the cor-
relation in fitnesses between the sexes by using random numbers to determine
fitnesses. When he assumed that the two sexes of a male diploid population had
identical fitnesses, but that males and females of a male haploid population were
uncorrelated with respect to fitness, Crozier found that the probability of bal-
anced polymorphism is about the same in the two genetic systems. HALLIDAY
(1978) obtained the same result.

All of these various studies have been restricted in scope. Thus, gene diversity
at polymorphic loci has been studied for only three specific selection models, in
which it showed a tendency to be reduced in male haploids compared to male
diploids (Pamiro 1979). The effects of selection intensity and differing fitness
correlations between the sexes have been previously largely overlooked. In this
paper, we therefore investigate the population genetics of male haploids more
closely, using computer-generated sets of fitnesses. Below, we examine deter-
ministic selection models, varying the correlations in fitness between males and
females and between homozygotes and heterozygotes, and also examine the ef-
fects of varying the intensity of selection.

MODELS

All of the models involve one locus with two alleles, constant fitnesses, and assume an
infinite population size. The fitness of each genotype was calculated by summing four com-
puter-generated random numbers, each uniformly distributed on (0,1). The resulting fitness
distribution is pseudonormal, with an expected mean of 2. This method of generating fitness
arrays was used primarily for convenience. The use of four numbers to derive each fitness en-
abled us to examine models differing in the level of fitness correlation between the sexes, in the
intensity of selection, and in the deviation of the heterozygote fitness from that expected under
strict additivity, as described below. We do not assume that the resulting fitness distributions
reflect natural ones, about which there is considerable uncertainty (e.g., Kinc 1972), although
of course they may. But we do assume that the distributions are the same for male haploid
genotypes as for male diploid ones.

We examined three levels of fitness correlation between the sexes (Figure 1a). These levels
were ry — 0, 0.5 and 1, where r,, the sex correlation, is the proportion of random numbers used
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Ficure 1.—Method of deriving fitnesses as sums of four random numbers, with (a) various
sex correlations (r, held at 0), and (b) various genotype correlations. The use of random num-
bers in common for the derivation of fitnesses is indicated either by overlapping blocks or by

connecting cross bars,

in common when constructing the fitness arrays (appEnpix 1). Under male haploidy, the
heterozygote genotypes for the males were omitted.

We used the coefficient of variation (CV) of the fitness distribution as a measure of selection
intensity., The unadjusted distribution has CV = 0.29 (apPENDIX 1); adding a constant to each
fitness serves to decrease CV, with such a decrease indicating a reduction in the selective differ-
entials hetween genotypes. The values 0.29, 0.15 and 0.01 were used for CV. The value 0.01 is
commonly referred to as a possible value for selective differences in natural populations (e.g.,
LewonTiN 1974). It is probably the lowest level for which fitness differences could conceivably
be detected, and we used it for our lowest CV value. For the highest value, we used the one of
the unadjusted fitness distribution, CV = 0.29; the value 0.15 is intermediate between these
extremes,

We used two methods (appEnDIx 2 and 3) to investigate the effects of varying the de-
pendence of the heterozygote on the homozygote fitnesses. The common-number method in-
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volved using a proportion of the random numbers in ccmmon in deriving the homozygote and
heterozygote fitnesses (Figure 1b). The resulting genotype-correlation values (correlation be-
tween homozygote and heterozygote fitnesses) from this approach were r,=0, 0.25 and 0.5
(apPENDIX 2). In the averaging metheod, the heterozygote fitness was derived by assuming that
it was likely to be intermediate between the homozygote fitnesses. It was given by modifying
the mean of the homozygote fitnesses, using » random numbers (z;), according to:

Woat W

aa n
W= +i£1 (:C%-—05) .

2

P

This method was used with correlations r,==0.23, 0.41, 0.50 and 0.58 (correspending to n =
14, 4, 2 and 1, respectively; see appENDIX 3). High values of n sometimes yielded negative
fitnesses that were adjusted to zero. Under the common-number method, the heterozygote CV
is the same as that of the homozygotes, and it is independent of r,; under the averaging method
1t varies with n, according to:

n—+4+2
A
/3
PROCEDURES

OwenN (1953, corrected by Manper 1971) and LI (1967) established the conditions for
polymorphism and the equilibrium allele frequencies in the two sexes for the male diploid and
male haploid cases, respectively. For each fitness array, we used the criteria established by Owen
and by LI to determine: (a) whether one or more stable internal equilibria occurred; (b) the
equilibrium allele frequencies of the two sexes; (c) the average gene diversities over both sexes
(assuming a 1:1 sex ratio; for male diploids, the sexes were weighted equally; whereas, for
male haploids, females were given twice as much weight as males); and (d) the sample size

required to be 509% certain of detecting any allele frequency differences between the sexes at
the 5%, level.

Each run computed 1,000 arrays of fitnesses and yielded the following measures of variation:

P, the proportion of fitness arrays giving stable, nontrivial equilibria,

H,, the gene diversity at polymorphic loci, calculated as the mean gene diversity (expected
heterozygosity) for those sets giving stable internal equilibria,

H,, the mean gene diversity over all sets; this can also be derived as the product P X H,.

We repeated each run five times (yielding 5,000 arrays of fitnesses in all for each model),
and we used the mean value from each group of five runs.

RESULTS

1. Sex correlation effects: The effects of varying the degree of correlation be-
tween the sexes, r,, can be seen by reading across the entries in Table 1. The chief
findings when keeping r, = 0 are (Table 1a): (a) Variability, in terms of P, H,
and H,, is higher in male diploids than in male haploids for each value of r,.
(b) For both genetic systems, P decreases with increase in r;, with this decrease
always greater for male haploids. (c) The two genetic systems have about the
same H, when r, = 0. Increasing r, raises H, for male diploids but lowers it for
male haploids. (d) Because the average gene diversity, H,, is strongly influenced
by P, it decreases with increasing r, for both genetic systems.

As Owen (1953) noted, two stable internal equilibria are possible at male
diploid loci. We found fitness arrays yielding two stable equilibria for the r; = 0
case, but very rarely (for about 19, of the sets yielding polymorphisms).
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2. Selection intensity effects: For male diploids with complete sex correlation
but no intrasex fitness correlation, E(P) = 14, irrespective of CV, because
whether or not an equilibrium occurs is determined wholly by whether or not
there is overdominance. The numerical results coincide with this expectation
(Table 1a). At lower values of r,, the point estimates of P increase slightly with
CV for male diploids and decrease for male haploids, but the changes are slight
compared with the confidence limits.

No consistent effect of CV on H, or H, is apparent in Table 1a.

3. Genotype-correlation effects: The two methods of adjusting the genotype
correlation yield similar results (Table 1b, ¢). P decreases with increasing ry, as
expected from the fact that the strength and likelihood of overdominance declines
as the genotype correlation rises. Similarly, H, falls with increasing ry. Due to
its dependence on P and H,, H, also declines with increasing r,.

4. Comparing the genetic systems: Comparisons between the levels of varia-
tion found for male haploidy and male diploidy are conveniently expressed in
terms of the wvariation ratio: R, = (variation in male haploidy)/(variation in
male diploidy), where variation can be measured in terms of P, H,, or H,.

The variation ratios are usually less than one (Table 2) because, as discussed
above, male haploids have less genetic variation than male diploids under our
models. However, Table 2 also shows that the variation ratios for P, H, and H,
differ significantly and also have different sensitivities to changes in CV, r; and r.

In terms of P, male haploids have 84.1% of the variation of male diploids when
selection is weak (CV =0.01) and fitnesses are not correlated (rs =r,=0).
However, the variation ratio declines with increasing selection intensity and
also with increasing fitness correlation, so that, for CV = 0.29 and r; =1 (keep-
ing r, = 0), male haploids have only 63.89, as many polymorphic loci as male
diploids (Table 2). Increasing r, leads to a further fall in the variation ratio.

The variation ratio for H, is generally close to one, indicating that male hap-

TABLE 2

Variation ratios calculated from Table 1 (ratios of variation in male haploids to
variation in male diploids)

P H, H,
r,=0 05 1 0 0.5 1 0 05 1

r,=0 CV=001 0.841 0.771 0.685 0.959 0919 0.919 0.812 0.707 0.629
0.15 0.770 0.724 0.644 0982 0.935 0.923 0.755 0.679 0.595

0.29 0.730 0678 0.638 0.997 0.953 0.911 0.726 0.644 0584

CV=029 r,=0 0.730 0.678 0.638 0.997 0953 0911 0.726 0.644 0.584
0.25 0.728 0.643 0.59%4 1.000 0.921 0.921 0.735 0591 0.547

0.50 0.720 0.652 0.567 0.992 0.964 0.931 0.728 0.622 0521

CV =029 r,= 025 0.784 0.776 0.724 1.059 0.965 0.892 0.829 0.749 0.644
0.41 0.726 0.663 0.603 1.017 0.984 0.927 0.732 0.648 0.559

0.50 0.692 0.618 0.539 1.020 0.986 0.948 0.700 0.604 0.511

0.58 0.681 0.587 0543 1.012 1.009 0.929 0.690 0.596 0.501

r, denotes adjustment of genotype correlation by the common-number and r', by the averaging
methods. ’
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loids and male diploids have about the same gene diversity at polymorphic loci.
The ratio falls with increasing r,, reflecting the fact that H, increases with 7,
under male diploidy, but decreases with r; under ruale haploidy (Table 1). The
effects of selection intensity and genotype correlation are less clear, although R,
for H, seems to increase with CV for low values of r,.

Changes in H, are dominated by changes in P (Table 1), and this is also re-
flected in its variation ratio (Table 2).

5. Differences between the sexes: The equilibrium allele frequencies are al-
ways different in males and females under selection in male haploids; this also
holds for male diploids when there are different selective conditions in the two
sexes. An observed difference in allele frequencies might therefore lead to in-
ferences about the mode of selection operating, although other factors, such as
finite population size, can also result in such differences.

In our analyses, females in a male haploid population are consistently more
variable (in terms of gene diversity) than the males. This difference results be-
cause the females receive genes from two parental gene pools undergoing dif-
ferent selection. Under male diploidy, however, any systematic bias between
the sexes with respect to gene diversity is neither expected nor detected.

We measured the allele-frequency difference between the sexes in terms of
the sample size needed to detect it. Thus, for a {itness array yielding a stable
polymorphism, N is the sample size required to be 509, certain of detecting the
allele frequency difference at the 5%, significance level (SoxaL and RouLr 1969
pp. 607-610).

The differences in allele frequencies between the sexes are, as expected, greatest
when the likelihood of opposing selection pressures is greatest (r, =0 and CV =
0.29). Decreasing the strength of selection or increasing the sex correlation di-
minishes the allele-frequency difference and hence leads to larger required sam-
ple sizes to detect it. Thus, with CV =0.01 and r, =0, N was over 8,000 in
99.5%, of the polymorphic cases for both genetic systems. With CV held at 0.29,
the median /V fell in the range of 128 to 256 for both genetic systems when r; = 0,
and in the range of 256 to 512 for r, = 0.5. For r, = 1, no differences between the
sexes are possible in male diploids, but such differences can occur in male hap-
loids. The median NV in this case fell in the range of 512 to 1024.

Increasing the genotype correlation has no clear effect on /V.

DISCUSSION

Our results indicate that a lower level of genic variation is to be expected in
male haploid than in male diploid populations, to the extent that such variation
stems from fixed-fitness, single-niche, balancing selection. This finding agrees
with those earlier studies that suggested that there should be fewer polymor-
phisms in male haploids (HarTr 1971; Pamiro 1979; Lester and SELANDER
1979). Our present results also agree with those of Crozier (1970, 1975) and
Havrrioay (1978), who compared the cases of r; = 0 in male haploids and r, = 1
in male diploids and found that the difference in P in favor of the latter model
is not very great. Crozier’s and HaLLIDAYs results thus spring from the cases
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compared and not from the use of random numbers (as suggested by LEsTER and
SELanDER 1979). However, it is more appropriate to compare cases with the
same degree of sex correlation in the two genetic systems; that we have done
here.

Although our results may indicate qualitatively the trends expected in natural
populations for selected loci with constant fitnesses, the actual numerical values
that we derived can be used only with great caution in quantitative prediction
of the levels in real populations. For one thing, the actual distribution of fitnesses
for new mutations is unknown and may differ significantly from the artificial
ones we used. Furthermore, robust estimates of mutation rate and of the length
of time the population had been at the present size would be necessary before
precise predictions or analyses could be carried out.

Extrapolation from the biallelic case examined here to the multiallelic one
would be even more difficult. Thus, overdominance is both a sufficient and a
necessary condition for polymorphism at a biallelic male diploid locus, but in
a multi-allelic system neither pairwise heterosis nor even total heterosis is either
sufficient or necessary for the establishment of an equilibrium maintaining all
alleles (LEwonNTIN, GiNzBURG and TuLsarurkaAR 1978), and the volume of the
fitness space leading to stable equilibria is very limited. On these grounds,
LewonTIN, GINzBURG and TuLsaPURKAR suggested that multiple-niche selection
is a more plausible selective mechanism than heterosis for the selective main-
tenance of multi-allelic equilibria.

With the above gualifications in mind, it is now appropriate to examine the
trends from our analyses in greater detail. The most significant result is that the
greatest difference between male haploidy and male diploidy is in the prob-
ability of polymorphism. The differences between the two systems in gene di-
versity at polymorphic loci are not great, and in some cases H, for male haploids
actually exceeds that for male diploids.

The trends from Tables 1 and 2 agree with those observable in electrophoretic
data from 47 Hymenopteran and 56 bicexual male diploid species to the extent
that, on average, Hymenoptera have less genetic variation than the others, and
this difference is mainly due to a reduced proportion of polymorphic loci on the
part of the male haploids (Table 3).

The variation ratios for P, and hence also H,, are much lower for the elec-
trophoretic data than for our simulations. This result also holds true for the
variation ratio of H, when comparing male haploids with Drosophila or the total
male diploid data set, but H, for male haploids is greater than that for male
diploids when Drosophila is excluded. As Nevo (1978) notes, Drosophila species
have the highest H, values known for bisexual animals; this seems to result from
high H, values. Whether or not this uniqueness of Drosophila will be maintained
when more male-diploid insect groups are surveyed by a broader array of in-
vestigators is of course open to question.

Other important quantities examined include allele frequency differences be-
tween sexes and the distribution of allele frequencies over loci. According to our
analyses, the sample sizes required to detect allele frequency differences between
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TABLE 3

Observed genetic variation in natural insect populations, together with variation ratios
comparing hymenopterons with other insects

Mean

Number  number — — —

of species of loci 14 H, H,
Hymenoptera 47 15 0.163+0.109 0.230+0.115 0.036+0.026
Male diploid insects

(excluding Drosophila) 13 19.3 0.437+0.178 0.175+0.156 0.092 +0.092

Drosophila 43 21 0.431+0.130 0.331+0.100 0.140%0.053
Variation ratios when compared to:
Male diploids excl. Drosophila 0.373 1.314 0.391
Drosoghila 0.378 0.695 0.257
All male diploid insects 0.377 0.780 0.279

The data for male diploid insects come from Neve (1978), while the hymenopteran informa-
tion was drawn from Sxyper (1974), Mercarr, MarLin and Warrt (1975), Havrripay (1978),
Pawmrro et al. (1978), Pamiro, Varvio-Auo and PErxariNen (1978), Smaumar, Rosas-Rousse
and Pasteur (1978), Warp (1978) and Lester and Seranper (1979); only populations for
which ten or more loci were surveyed are included.

sexes are generally too large to achieve in practice in most studies of natural
populations.

A marked departure between our numerical results and those from electro-
phoretic studies occurs in the case of the distribution of allele frequencies (Figure
2). In our results, this distribution is nearly uniform, only slightly affected by
rs, r; and CV; whereas, the electrophoretic data yield one with a comparative
excess of extreme allele frequencies. This departure could stem from a number
of cases. Thus, if most polymorphisms in natural populations are maintained
by selection, the observed difference between the electrophoretic results and our
simulation results could indicate that our method of obtaining fitnesses differs
from that used in nature. While we naturally accept the need for caution in
extrapolating results based on computer-generated fitness arrays, it must also
be born in mind that polymorphisms in natural populations can result from
many causes other than constant-fitness balancing selection. Therefore, we shall
now consider other possible explanations of the observed differences between
male haploids and male diploids on the assumption that these differences are, in
fact, real.

Other modes of balancing selection that have been suggested to be important
in maintaining genic variation in natural populations include multiple-niche
selection, density dependency, and frequency dependency. Snyper (1974) and
SyrvesTeER (1976) argued, on the basis of the expected homeostatic effects
imposed by social life in honey bees and ants, that the resulting relatively fine-
grained nature of the environment to such insects explains their relatively de-
pauperate nature. However, this apparent trend has persisted after a wide, al-
though not exhaustive, range of Hymenoptera was surveyed electrophoretically,
and we agree with METcALF, MaARLIN and Wrirr (1975) and Lester and
SeLanpeEr (1979) that multiple-niche selection differences seem an unlikely
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Ficure 2—Cumulative frequency distributions for the most common allele in male haploids
at polymorphic loci. The distributions obtained from the numerical analyses of this paper (made
with various values of 7, , and CV) fall within the hatched area, while that derived from ob-
served allele frequencies of natural Hymenopteran populations (using a criterion of the most
common allele frequency being less than 0.99 to define polymorphism) falls below the lower
solid curve.

hypothesis, because this explanation would require Hymenoptera to average
narrower niches than other insects, which seems unlikely. We also find no «
priori grounds for supposing that density dependency and frequency dependency
operate less effectively in male haploids than in male diploids.

A likely explanation for the observed excess of extreme allele frequencies in
natural populations (Figure 2) is that this excess either reflects the influence of
stochastic processes shifting frequencies away from equilibrium (see Kimura
1955) or results from a significant fraction of loci being in mutation-selection
balance, involving rare alleles that are slightly deleterious compared with the
allele in highest frequency. If the deleterious alleles are semidominant to the
common one, then the algebraic treatment reduces to one of gametic selection,
and no difference in genic variation level is expected between male haploid and
male diploid populations of the same effective size. The situation is different if
the deleterious alleles are recessive. Consider the charge-state model number IV
of OuTA and Kimura (1975). In this model, alleles mutate from one to another
at a rate v/2, and the fitness of all genotypes not involving at least one common
allele is 1 — 5. Given a frequency of the optimum common allele as x,, the fitness
of any deleterious allele in a male diploid population is 1 —s(1 — z,) (OuTa
and Kimura 1975), but is easily shown to be 1 — s(1 — 2x,/3) in male haploids.
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Onra and Kimura give the expected equilibrium allele frequencies for male
diploids, and we used modified versions of their equations to determine these
frequencies in male haploids, as shown in Table 4. The variation ratios obtained
at various values of s/v are also tabulated, and these fall as the strength of se-
lection increases relative to the mutation rate. A similar result follows from
applying Crozier’s (1979) equation 21. The variation ratio trends suggest that
at highly polymorphic loci (with selection weak relative to mutation), male
haploid and male diploid loci will have similar gene diversities, but the propor-
tion of loci detected as being polymorphic will fall more rapidly for male haploid
than for male diploid loci (because of both sampling difficulties and an increased
tendency of the lower-frequency male haploid alleles to be lost through random
genetic drift). The model of slightly recessive deleterious alleles thus leads to
results similar to those predicted by our deterministic models, and to those ob-
served in natural populations.

Crozier (1976, 1979) and Mavo (1976) pointed out that the reduced effective
population size, V., of male haploids furnishes a possible explanation for their
lower genic variability through reduced variation for effectively selectively
neutral alleles. But there are complications to a simple invocation of N.. Thus,
the actual relationship between N, the actual number of individuals, and N,
varies differently with sex ratio under the two genetic systems (Crozier 1976,
1979), and the female-biased sex ratios of many social and parasitic Hymenoptera
reduces the strength of any population size effect (relative to male diploid popu-
lations of similar actual size) for these groups. Furthermore, examination of
relevant formulas for expected heterozygosity, such as equation 7.2.4 of Crow
and Kimmura (1970), shows that, even assuming a 50:50 sex ratio, the relative

TABLE 4

Allele frequencies and gene diversities under the charge-state model of Onra and Kimura
(1975) involving a type allele A, and slightly deleterious recessive mutations A

s/v A, Ay A, Asg Gene diversity  Variation ratio
2 mh 0.500 0.167 0.056 0.019 0.687 0.937
md 0.445 0.171 0.066 0.025 0.733
4 mh 0.651 0.137 0.029 0.006 0.537 0.866
md 0573 0.156 0.042 0.011 0.620
8 mh 0.774 0.098 0.012 0.002 0.381 0.762
md 0.682 0.129 0.024 0.005 0.500
20 mh 0.885 0.054 0.003 0.000 0.211 0.588
md 0.790 0.093 0.011 0.001 0.359
40 mh 0.936 0.031 0.001 0.000 0.122 0.452
md 0.849 0.070 0.006 0.000 0.270
80 mh 0.966 0.017 0.000 0.000 0.066 0.330
md 0.891 0.051 0.003 0.000 0.200

v is the mutz.ation rate per gamete per generation and s is the selection coefficient against the
genotypes not involving the allele A, The terms mh and md refer to male haploid and male
diploid genetic systems, respectively.
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effect of male haploidy depends critically on the quantity N.u. For moderately
small populations, male haploidy could reduce the genic variation by one quarter,
due to effectively neutral alleles, but for very large populations the effect would
probably be negligible, Therefore, we feel that, while a simple role for the effect
of male haploidy on N, cannot be categorically excluded, variations in NV, due
to actual population size differences are potentially much more important. The
social forms might then be expected to have much less variability, because popu-
lation size in these is chiefly a matter of the queens and males present, but the
data currently available are mainly from social forms that do not permit a valid
comparison with nonsocial ones.

Lester and Seranper (1979) favor the male haploid effect on N, as an ex-
planation of the apparently reduced genic variation of male haploids, but empha-
size its action through effects on loci with selection coefficients fluctuating ran-
domly and on alleles undergoing hitchhiking. As OmTa (1972) notes, the chief
effect of random fluctuations in selection intensity is to render the alleles con-
cerned more nearly effectively neutral, so that this case essentially devolves to
one of effective neutrality. The effect of male haploidy on the dynamics of
hitchhiking is two-fold: first, there is a direct effect from N, reduction, and sec-
ond, there is an effective tightening of linkage because of the lack of recombina-
tion in the males. However, as we have argued above, the direct effect of IV, is
unclear, and probably negligible, and a consideration of recombination rates also
renders an effect on hitchhiking questionable. Thus, Drosophila includes the most
heterozygous bisexual animals known and, yet, has no male crossing over! Fur-
thermore, linkage will have a significant effect only on relatively tightly linked
loci, and the total map length is likely to represent a useful estimate of the
average tightness of linkage between neighboring loci. Drosophila melanogaster
has a total map length of 289 (ArrMAN and Drrrmer 1972) and the genetically
best-known Hymenopteran, Nasonia vitripennis, one of 324 (Saur, SauL and
Becker 1967; ALtman and Ditrmer 1972). Another parasitoid, phylogenet-
ically distant from Nasonia, is Bracon hebetor, for which a total map length
cannot yet be calculated, but has one linkage group 380 units long (WuiTinG
1961)—perhaps the longest for any animal. There is thus no reason at present
to suggest that linkage is tighter between adjacent loci in Hymenoptera than in
organisms such as Drosophila, although we stress that the data are sparse and
it is unfortunate that no linkage maps are available for any of the Hymenoptera
that have been surveyed electrophoretically, including honey bees.

Even if there is no increase in hitchhiking under male haploidy through ef-
fects on N, and linkage, an increased effect of hitchhiking is still possible. HarTL
(1972) showed that, for alleles with additive fitness effects under weak selection
in panmictic populations, substitution occurs one-third more rapidly in male
haploids than in male diploids. Assuming that new advantageous alleles arise
as frequently in male haploids as in male diploids, the faster movement to fixa-
tion in male haploids would be expected to result in a similar more rapid fixation
of linked alleles. However, the magnitude of any hitchhiking effect depends on the
yet unknown rate of occurrence of such new favorable alleles.
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APPENDIX

Let z;, ¥; and z; be random numbers having uniform distributions between 0
and 1. Then E(x;) = 0.5 and E(2?) = 1/3.

1. Adjustment of the fitness distribution CV
Let the fitness of a genotype be
4
X = =z,
=1

then, £(X) =4E(x;) =2

D*(X) =4[E(2?) — E*(z)] = 1/3
and hence,

CV =D(X)/E(X) =029.

The magnitude of the CV can be adjusted by adding a constant, say A, to X,
so that

CV=DX)/[E(X)+ A] .
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If the mean fitness is adjusted to 1.0, approximately 959 of all fitness values
fall within the ranges of 0.42 to 1.58, 0.70 to 1.30 and 0.98 to 1.02, corresponding
to the values 0.29, 0.15 and 0.01 used for CV in this study.

2. Adjusting the genotype correlation by the common-number method
Let ¥, . . ., ¥» be the random numbers used in common in deriving homozygote
and heterozygote fitnesses and let
” 4-n
X =3 yi+ I z:be the fitness of the homozygote

and

n 4-n
Z= 2y + RS be the fitness of the heterozygote.
Then,

E(Z) =E(X)=2, D*(Z) =D*(X) =1/3, and CV(Z) =CV (X) = 0.29
COV(XZ) =n/12

Yyz =17, g -=n / 4‘ «
3. Genotype-correlation adjustment using the averaging method

Let X and Y be the fitnesses of the two homozygotes, given as a sum of four
random numbers, and Z is the fitness of the heterozygote, given as explained in
the text. Then

E(Z)=2

D*(Z) = (n+2)/12

CV(Z) =/ (n+2)/4/3

COV(XZ) =COV(YZ)=1/6

and

Txz =Try; =r,= 1A/ (n+2).



