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ABSTRACT

We investigate the impact of antagonistic pleiotropy on the most widely used methods of estimation of the
average coefficient of dominance of deleterious mutations from segregating populations. A proportion of
the deleterious mutations affecting a given studied fitness component are assumed to have an advantageous
effect on another one, generating overdominance on global fitness. Using diffusion approximations and
transition matrix methods, we obtain the distribution of gene frequencies for nonpleiotropic and pleio-
tropic mutations in populations at the mutation-selection-drift balance. From these distributions we build
homozygous and heterozygous chromosomes and assess the behavior of the estimators of dominance. A
very small number of deleterious mutations with antagonistic pleiotropy produces substantial increases on
the estimate of the average degree of dominance of mutations affecting the fitness component under study.
For example, estimates are increased three- to fivefold when 2% of segregating loci are overdominant for
fitness. In contrast, strengthening pleiotropy, where pleiotropic effects are assumed to be also deleterious,
haslittle effect on the estimates of the average degree of dominance, supporting previous results. The antag-
onistic pleiotropy model considered, applied under mutational parameters described in the literature, pro-
duces patterns for the distribution of chromosomal viabilities, levels of genetic variance, and homozygous
mutation load generally consistent with those observed empirically for viability in Drosophila melanogaster.

HE degree of dominance of genes controlling fit-
ness components has a key role on many biologi-
cal phenomena, such as the predictions on the evolution
of selfing rates (e.g., CHARLESWORTH and CHARLESWORTH
1998, 1999), the evolution of sexual reproduction and
genetic recombination (e.g.,, CHASNOV 2000; AGRAWAL
and CHAsNov 2001; OtTo 2003), the dominance hypo-
thesis for Haldane’s rule (TURELLI and Orr 1995), and
the maintenance of genetic variation and its changes
under bottlenecks (e.g., WANG et al. 1998; CHARLESWORTH
and HuGHES 1999; RODRIGUEZ-RAMILO ¢t al. 2004; ZHANG
et al. 2004). Unfortunately, the average coefficient of domi-
nance of mutations (%) is generally difficult to estimate in
terms of both statistical analysis and effort required. Al-
though direct estimates of the average % can be obtained
from newly arisen mutations on the basis of mutation-
accumulation experiments where natural selection is
partially avoided (see Garcia-DoraDO et al. 2004 for a
recent review), indirect estimates are less costly and are
often obtained. These can be inferred from the genetic
structure of segregating populations assumed to be at the
balance between mutation and directional selection.
The mostwidely used approach to obtain indirect esti-
mates is based on the analysis of chromosomes ex-
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tracted from natural populations both in homozygosis
and in panmictic crosses (MUKAI et al. 1972; MUkaT and
YamacucHI 1974). Under the assumption of mutation-
selection balance for non-fully recessive deleterious
mutations, the variances and covariances of the hetero-
zygous genotypic values (y) for a fitness component
(e.g, viability) and the sum of their corresponding ho-
mozygous genotypic values (x) are

o2 =2\ Zpis? =2\ Z(Si/hi)v
of =2\ pisthi =2\ siky,

O-x,y =2\ ZPLS;Z/’!L = 2)\2&

(FERNANDEZ e al. 2004), where s; is the selection co-
efficient against mutation ¢ in homozygosis, #; is the
coefficient of dominance of the mutation, \ is the chro-
mosome deleterious mutation rate, p; is the pervasive-
ness of the mutation (number of copies the mutation is
expected to contribute before being lost; see GARCIA-
DoraDpO et al. 2003), and the summation is over mutations.
(The 2\-factor was accidentally missed by FERNANDEZ et al.
2004, but this had no further consequences as the fac-
tor dropped in the derived expressions.) The regression
by = 0,,/0% is the most extensively used method to
estimate the average % from segregating populations
(MUKAT 1969; MUKATI ¢t al. 1972; MUukal and YAMAGUCHI
1974; WATANABE et al. 1976; StMmons and Crow 1977;
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EANES et al. 1985; HUGHES 1995; JOHNSTON and SCHOEN
1995; CABALLERO et al. 1997; Garcia-Dorapo and
CABALLERO 2000; CHAVARRIAS et al. 2001). Thus, by,
estimates the harmonic mean of the average hfor newly
arisen mutations weighted by their homozygous effects,

where the overbar indicates arithmetic mean. SIMMONS
and Crow (1977) review estimates from this estimator,
the most common values being ~0.2, but with a large
variation. Analogously, the inverse of the regression of
xony (1/b.,=0}/o,,) is assumed to estimate, under
mutation-selection balance, the arithmetic mean of %
for newly arisen mutations again weighted by their ho-
mozygous effects,

1
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The empirical estimates from this estimator are gener-
ally very large (of the order of one or more; see, e.g.,
Muxkar and YAMAGUCHT 1974; WATANABE et al. 1976).

Another simple indirect method of estimation of the
average h involves estimates of the mean of a fitness
component for outbred (W) and inbred (W) popula-
tions (LyNcH and WALsH 1998, pp. 283-287). Assuming
mutation-selection balance, the ratio R= (W,.x — Wo)/
2(Wax — Wp), where W, is the fitness of a genotype
free of mutations, estimates the unweighted harmonic
mean of dominance for newly arisen mutations,

e L
-

Empirical estimates for a range of vertebrates using data
with different levels of inbreeding are ~0.1 (LyNcH
and WaLsH 1998). Because this estimator provides
unweighted estimates of the average A it is less affected
by some biasing factors. However, its reliability depends
on the assumed value for the hypothetical genotype free
of deleterious mutations. For absolute viability it is as-
sumed that W,,,x = 1. Since nongenetic sources of mor-
tality imply W < 1, the Restimate is usually expected
to be biased upward (LyNcH and WaLsH 1998; Garcia-
DORADO e¢f al. 1999; FERNANDEZ et al. 2004).

A more recently developed method (DENG and LyNcH
1996), extending previous approaches from MORTON
et al. (1956) and CHARLESWORTH et al. (1990), allows for
the simultaneous estimation of mutation rates, average
mutational effects, and average dominance coefficients,
from experiments involving self-fertilization of naturally
outbred populations or outcrossing in naturally self-
fertilizing populations (DENG 1998b also extended the
method to other forms of inbreeding). This method
makes use of the expected mean fitness and genetic
variance of fitness of infinite populations at mutation-
selection balance. From Equations 3 and 4 in DENG and

LyncH (1996) it can be shown that the mutation-
selection balance prediction of the dominance estima-
tor in this method is

Vsh
2(y/5hi+ 5+ (s/4R) = V/5k ).

hpr, =

Assuming that / takes, even occasionally, values low
enough so that (s/4h) > sh and 5,

sh
hpL ~ h
and estimates the geometric mean of the arithmetic and
the harmonic average h weighted by s. For nonrecessive
deleterious mutations, this is equivalent to O'y/()'x =
Ve X (l/bx,y) and, interestingly, it has the same pre-
diction as the estimator used by HuGHES (1995) and
CHARLESWORTH and HuGHES (1999), /Va /2 V4, where
Va is the additive genetic variance and Vjy is the variance
among homozygous genotypes.

The analysis carried out in this article refers to the
above estimators. Other methods are not considered, as
they are less appropriate for fitness traits (COMSTOCK
and RoOBINSON 1952), may involve the previous knowl-
edge of other mutational parameters (LyNCH et al. 1995;
DENG et al. 2002; see also GARCIA-DORADO ¢t al. 1999), or
can be applied successfully only under simplistic muta-
tional models (KELLY 2003).

Even if no substantial proportion of the standing
genetic variability for the studied fitness component
is maintained by mechanisms other than the balance
between directional selection, mutation, and drift, in-
direct estimators of dominance generally produce bi-
ased estimates with respect to their mutation-selection
balance expectations as a consequence of a number of
factors (FERNANDEZ et al. 2004). A particularly important
one is the finite size of populations as, for mutations
with small heterozygous deleterious effect, the mutation-
selection balance prediction for the pervasiveness is usually
much larger than the actual one in finite populations.
Other biasing factors are the correlation between s and
h and the bottlenecking due to sampling. The counter-
acting sources of bias can be such that none of the es-
timators from segregating populations is very reliable.

Here we concentrate on the bias of indirect estimates
caused by the existence of selectively maintained vari-
ability. In this respect, Mukal and YAMAGUCHI (1974)
investigated the effect of overdominance for viability on
the estimates of b, ,and 1/b,.,. They showed that, in this
instance, b, ,becomes smaller, and 1/, ,becomes larger
than the corresponding values due only to partially
recessive genes. The amount by which 1/b,.,is inflated is
much larger than the amount by which b, . is reduced. In
fact, the large empirical estimates obtained from 1/,
were suggested as an indication that genetic variability
could be maintained by balancing selection (Muka1 and
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YamacucHI 1974; WATANABE et al. 1976; but see
FERNANDEZ et al. 2004 for other likely sources of bias).
The reduction in b, by overdominance was also de-
scribed by DENG (1998a) (see also L1 et al. 1999), who
investigated the usefulness of this regression (and an
alternative method to be used when homozygous lines
cannotbe constructed) for discriminating between dom-
inance and overdominance for the fitness component.
The conclusion was that, despite the reductions in the
estimate caused by overdominance, overwhelming con-
tributions from overdominant loci should be necessary
for the estimates of the average h to become negative
and, therefore, indicative of overdominance.

Overdominance for the loci controlling life-history
traits is decisively rejected by the data as a general model
of maintenance of variation (CHARLESWORTH and
HucHEs 1999). However, it is recognized that antago-
nistic pleiotropic effects on more than one fitness trait
(ProuT 1980; Rosk 1982; Rorr 1997) could give rise to
overdominance for overall fitness, the so-called mar-
ginal overdominance (FALCONER and MAcCkKAY 1996,
p- 41). Antagonistic pleiotropy is considered as a central
part of some evolutionary theories, such as the evolu-
tion of senescence, and as a plausible cause of mainte-
nance of genetic variation for fitness components (e.g.,
RosEk 1991; STEARNS 1992; CHARLESWORTH 1994; ROFF
1997; CHARLESWORTH and HuGHES 1999; MERILA and
SHELDON 1999), although some theoretical analyses
suggest that the conditions under which antagonistic
pleiotropy could work are very restrictive (Rose 1982;
CURTSINGER ¢t al. 1994; HEDRICK 1999).

Studies on individual mutations affecting fitness com-
ponents (LOorEz and LOPEZ-FANJUL 1993; FERNANDEZ
and LOPEZ-FANJUL 1996; LyNcH and WALsH 1998, p. 345;
MARTORELL ef al. 1998) seem to support the view that
pleiotropic effects of deleterious mutations are mostly
in the same direction; i.e., detrimental mutations tend
to have deleterious effects on several traits. This is what
we are referring to in this article as strengthening pleiot-
ropy. Several indirect arguments suggest that the overall
effect on fitness of mutations affecting egg-to-adult
viability in Drosophila melanogaster is about two to three
times larger than their effect on viability alone (MUKAI
and YAMAGUCHI 1974; MUKAI et al. 1974; CHARLESWORTH
and HuGHEs 1999), although these inferences have to be
treated with caution because of the uncertainties on the
assumptions involved in their calculations (RODRIGUEZ-
RaMILO et al. 2004). The effect of strengthening pleiot-
ropy on the estimation of the average % from segregating
populations has been shown to be weak (FERNANDEZ et al.
2004). However, a general scenario of strengthening
pleiotropy is not incompatible with the possibility that a
few particular deleterious mutations show antagonistic
pleiotropic effects, generating some degree of overdom-
inance for global fitness.

The main purpose of this article is to investigate the
effect of asmall proportion of mutations under balancing

selection on the estimation of the average degree of
dominance of deleterious mutations affecting a given
fitness component in segregating populations at the
mutation-selection-drift balance. To achieve this, we
assume that all mutations are deleterious in their effect
on the fitness component under study, but a small frac-
tion of these mutations are under antagonistic pleiotropy
(i.e., they have an advantageous effect on another fitness
component), generating overdominance for their overall
effects on fitness. A secondary objective is to investigate
the impact of this model on the distribution of chromo-
somal mean viabilities and on the amount of genetic
variance and homozygous mutation load, as well as to
compare the patterns observed with empirical results
obtained in D. melanogaster.

MUTATIONAL MODELS AND ESTIMATION
PROCEDURE

Mutational models and parameters: A mutational
model was assumed in which the values for a fitness com-
ponent of the wild homozygous, the heterozygous, and
the mutant homozygous genotypesare 1,1 — sh,and 1 —
s, respectively. Because comparisons are made later with
chromosome viabilities in D. melanogaster, we assume
that the fitness trait under investigation is chromosome
II viability, and mutational parameters refer to this
widely studied trait.

Selection coefficients (s) for new mutations were sam-
pled from a gamma distribution. Only positive values of
swere assumed for the effects on viability; i.e., all muta-
tions were assumed to be deleterious for this fitness com-
ponent. However, some proportion of these mutations
could also have a pleiotropic effect on other fitness
components, and this effect could be also deleterious
(strengthening pleiotropy) or advantageous (antago-
nistic pleiotropy). Because the effect on viability is al-
ways deleterious we maintain the term deleterious
mutation even if it is not so on global fitness. Regarding
viability deleterious mutations showing no antagonistic
pleiotropy, we considered two mutation rates per chro-
mosome and generation, A = 0.006 and 0.04 (equivalent
to 0.015 and 0.1 per haploid genome for D. melano-
gaster), with corresponding mean deleterious effects s =
0.2 and 0.05, respectively. The shape parameters of the
gamma distribution ( =1 and 0.263, respectively) were
chosen so that the whole-genome mutational variances
explained by both models (0.0006) were the same and
on the order of empirical estimates for nonlethal chro-
mosomes (GARCIA-DORADO et al. 1999). These sets of
mutational parameters are representative of most esti-
mates reviewed by GaRcIA-DORADO et al. (2004) and
agree also with more recent estimates for viability in D.
melanogasterby CHARLESWORTH et al. (2004). Lethal muta-
tions (s, = 1) were also included and assumed to occur at
arate A, = 0.006 per chromosome per generation with
dominance coefficient i, = 0.02 (StMMoNs and CROw
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1977). These parameters have been widely accepted, al-
though higher values of A, from 0.010 to 0.015 have been
recently reported (Fry et al. 1999; CHARLESWORTH el al.
2004).

The dominance coefficient of mutations ranged be-
tween 0 and 1 (i.e., mutations over- and underdominant
for viability itself were not considered). Dominance co-
efficients were assigned following the model proposed
by CABALLERO and KEIGHTLEY (1994). For this model,
h-values are taken from a uniform distribution giving
0 < h<exp(—ks),where kisa constantallowing the mean
dominance coefficient of newly arisen mutations, h, to
be the desired value. The average coefficients of domi-
nance used were 0.2 and 0.4 for the two mutational
rates, respectively. They were chosen because they ex-
plain, in combination with their respective mutation
rates and average effects, the additive variance and in-
breeding depression observed in a natural population
of D. melanogaster (RODRIGUEZ-RAMILO et al. 2004). The
jointdistribution obtained in this way for sand #implies
a negative correlation between both variables, as sug-
gested by empirical data (GREENBERG and Crow 1960;
SimMonNs and Crow 1977; CABALLERO and KEIGHTLEY
1994) and biochemical arguments (KACSER and BURNS
1981; KriGHTLEY 1996), and produces a variance of
h-values of the order of that empirically observed by
Mugkart (1969) (see FERNANDEZ ef al. 2004).

To investigate the effect of antagonistic pleiotropy
we assumed a model where a given mutation has a del-
eterious effect on the fitness component under study
(viability) and an advantageous one on another com-
ponent. We usually considered a simple symmetrical
model with equal effects for both traits,

AA Aa aa
Viability 1 1 — sh 11—
Other component 1—35 1— sh 1
Fitness 1-4 1 1-3

where global fitness is obtained as the product of the in-
dividual components and is expressed, as usual, relative
to the genotype with optimal value. Hence, the selective
coefficient for fitness for each of the homozygotes is s’ =
1-[(A—5)/(1—sh)*].For k(1 — sh/2) = 0.5wegets >0,
so that overdominance for global fitness occurs at least
when 2 < 0.5. In contrast, for A(1 — sh/2) > 0.5 there is
underdominance for fitness. For the dominance model
used, most mutations are recessive (2 < 0.5) for the in-
dividual components, and pleiotropic mutations tend
to be overdominant. The above model of dominance
and equality of selection coefficients for pleiotropic
effects is very favorable for the maintenance of polymor-
phisms (HOEKSTRA et al. 1985; CURTSINGER et al. 1994;
HebprICK 1999) and, therefore, will serve for illustra-
tion purposes. However, to evaluate the effect of relax-
ing the symmetry assumption we carried some runs
where mutational effects and dominance values for

viability and the other fitness component were drawn
independently.

As it might be expected that antagonistic pleiotropic
mutations are those with the smallest homozygous ef-
fects, mutations were sampled from the gamma distri-
bution and antagonistic pleiotropic effects were assigned
with a probability exp (—sa (1 —a) / @) and discarded other-
wise. Here, « is the scale parameter of the gamma dis-
tribution of selection coefficients and «is a constant that
takes values between 0 and 1 and gives the ratio of the
average s-value for antagonistic pleiotropic mutations to
that for nonpleiotropic ones.

The number (7) of antagonistic pleiotropic mutations
assumed to be segregating in a chromosome ranged
between 3 and 50 for the model of low mutation rate and
between 10 and 300 for the model of larger mutation
rate. The remaining mutations were assumed either to be
nonpleiotropic (they affect fitness just through viability)
or to show strengthening pleiotropy (the pleiotropic
effect is also deleterious). In this case, the genotypic
values for viability, other fitness components, and global
fitness are

AA Aa aa
Viability 1 1 — sh 1—s5
Other component 1 1—sh 1—35
Fitness 1 1—-s'h = 1 -4 =
(1 — sh)® (1 —9?

where s = 2s — s and &' = (2sh — $°h?) /(25 — §°). For
small values of s, this model implies that the effect on
fitness of a mutation affecting viability is about twice the
viability effect (s = 25), in agreement with indirect
calculations (e.g,, MUkal and YamaGcucHI 1974), and
I 22 h.

Distribution of mutant frequencies: The expected
distribution of mutant frequencies in a finite popula-
tion at mutation-selection-drift balance was obtained by
means of diffusion approximations in the case of non-
pleiotropic or strengthening pleiotropic mutations and
by means of transition matrices in the case of antago-
nistic pleiotropic mutations.

Diffusion approximations: The procedure is described
by FERNANDEZ et al. (2004). Briefly, we used KiMURA’s
(1969) diffusion approximations under the infinite-
sites model to obtain the stationary distribution of mu-
tant frequencies. Thus, in a nonrecurrent mutation
model for a randomly mating diploid population of N
individuals and effective size N, the expected number
ofloci with ¢segregating mutant copies (1 =i=2N — 1)
and frequency g = i/2Nis
bylq) = M?

(1 = 9)G(q)
where G(q) = exp[2N.sq(q + 2h — 2hq)], and u(q) =
(Jd G(oc)dx)/(fo1 G(x)dx) is the fixation probability of
a mutant with initial frequency ¢. For strengthening
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pleiotropic mutations, the viability values of s and 4 in
the expressions above were replaced by the correspond-
ing fitness coefficients s' and A'.

The expected number of loci with j copies in a ran-
dom sample of M chromosomes taken from the pop-
ulation (¢ (7)) was calculated using binomial sampling,

1-1/2N
bu()= 3 (M ) i1 = )" ().

¢=1/2N J

so that Sy, = Z]A:l ¢, (4) is the expected total number
of segregating loci in the chromosome sample.

For each particular case and mutational model, a
sufficiently large number (1000) of mutational s- and
h-values were sampled to represent the whole distribu-
tion of effects, and their diffusion stationary frequencies
were obtained. For each pair of mutational parameters
(s, h), the expected distribution of gene copy numbers
in asample of M chromosomes, ¢ (), and the expected
total number of segregating loci in the sample, S5, were
stored. Chromosomes in which a number of indepen-
dent loci were segregating were then simulated. This
number of loci was equal to the Syrvalue averaged over
the 1000 sampled (s, #) pairs. The assignment of par-
ticular mutational values to each segregating locus was
done by sampling with replacement from the available
1000 sampled (s, k) pairs with a probability proportional
to their Syrvalue. The number j of copies of the mutant
allele at each locus was sampled from a distribution pro-
portional to the corresponding ¢ (7), and these j copies
were randomly assigned to the simulated chromosomes.

Transition matrices: To generate the distribution of
frequencies for antagonistic pleiotropic mutations, a
transition matrix A, of size (2N + 1) X (2N + 1), was
constructed with terms

o= )wra-

g,

giving the probability that the number of copies of the
mutant is j at a generation, given that it was ¢ in the
previous one, where ¢=i/2N(0 = i=2N) and ¢ = ¢+
[pgs’ (p— @) 1/11 — 5" (p* + ¢°)] is the expected frequency
after selection for overdominant or underdominant
genes. The state of the vector of frequencies at gener-
ation ¢ is obtained from that at generation ¢ — 1 as
bai(f) = da—1(j)A. To save computer time, the matrix
and vectors considered a population of size 500, and
selection coefficients of mutations were multiplied by
a constant (N/500). Because the distribution of gene
frequencies depends mainly on N5, this procedure gives
very accurate results (not shown).

For each (s, h) pair sampled for pleiotropic muta-
tions, the number of copies was assumed to be zero at
the initial generation, and 2N\ mutations appeared
each generation at frequency 1/2N with parameters s
and A taken from the corresponding distribution. With

20
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s’=-0.001
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o (J)

o 3
[} 10 20 30 40 50 60 70 80 90 100

J

Frcure 1.—Distribution of gene copy number () in a sam-
ple of 100 chromosomes, obtained by transition matrix, for
several examples of underdominant (s’ < 0) and overdomi-
nant (s" > 0) genes, where s’ is the fitness selection coefficient
in favor of/against both homozygotes.

overdominance for fitness, mutations tend to keep
segregating in the population, so that the number of
segregating loci can increase indefinitely. To solve this
problem a maximum number of segregating overdom-
inant loci was assumed. After this number was reached
new mutations appeared only to restore those lost by
drift. Note that this maximum number of segregating
loci is arbitrary and irrelevant at this stage (100 loci were
used), as the objective of the matrix approach is to
provide the expected distribution of gene frequencies,
from which the actual frequencies of pleiotropic seg-
regating loci will be sampled. This distribution is in-
dependent of the number of loci used to compute it,
provided this is large enough. The expected number of
loci with j copies in a sample of M chromosomes ($ (7))
was calculated using binomial sampling, as explained
above for the distributions obtained by diffusion ap-
proximations. For each sampled mutation the matrix
iteration was continued until an equilibrium frequency
distribution was reached. The criterion used to as-
sure this was the following. Every 100 generations, the
Z;ZTl &, () was calculated, and an equilibrium was
assumed to occur when the absolute difference between
two consecutive values of this parameter was <0.001.
If this criterion was not achieved before 10,000 gen-
erations (in rare cases), the process was stopped at
generation 10,000. Previous runs confirmed that this
procedure is very reliable (not shown). Figure 1 shows
the stationary distribution of frequencies in the sample
of chromosomes for some examples of mutations with
differentvalues of s, one of them being underdominant
(s’ is negative) and the rest overdominant. The station-
ary distribution of frequencies depends on the equilib-
rium between drift and selection. For symmetric
overdominant mutations the distribution is centered
around a frequency of 0.5, and the larger the values of s,
the smaller the dispersion.
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A number of mutational (s, k) values (1000) large
enough to cover the distribution of effects were sam-
pled, and their equilibrium distributions in the sample
of chromosomes were obtained. A number (n, between
3 and 300) of these antagonistic pleiotropic mutations
were randomly taken with replacement from the set of
1000 (s, &) pairs, with probability proportional to their
Syrvalues. Frequencies for each of these n antagonistic
mutations were sampled from the corresponding distri-
bution, ¢(/), and the j mutant copies were randomly
assigned to the M chromosomes previously constructed
with nonpleiotropic or strengthening pleiotropic muta-
tions (obtained by diffusion approximations). All muta-
tions, pleiotropic or not, were assumed to be unlinked.

For each case and mutational model, the sampling
of M chromosomes was repeated 100 times and the
estimates were averaged. The results given below refer
to samples of M = 100 chromosomes taken, generally,
from a population of size N= N, = 10", but other pop-
ulation sizes N = 10°-10° were also investigated. The
whole procedure was then repeated 10 times [using
10 different samples of 1000 (s, k) values each] to ob-
tain mean estimates and standard errors. Homozygous
and heterozygous viabilities were calculated for all com-
binations of chromosomes [ Mhomozygotes and M(M —
1) /2 heterozygotes], assuming a between-locus multi-
plicative fitness model.

Viability distribution for chromosomes and homozy-
gous mutation loads: Constructed chromosomes were
classified in different categories, as a function of their
mean viability in homozygosis. Thus, lethal chromo-
somes were those with homozygous viability <10%
of the mean of the heterozygous viability, semilethal
chromosomes were those with viability between 10 and
60%, and quasinormal chromosomes were those with
viability >60%. The homozygous mutation load for
quasinormal chromosomes was obtained as In(Wo/
Wiony) (GREENBERG and Crow 1960), where W, and
W are the heterozygous (outbred, O) and homozygous
(inbred, I) mean viabilities, respectively, and the paren-
theses in the subscript indicate the fraction of homo-
zygotes considered (quasinormals, QN, in this case).
Analogously, for semilethal chromosomes the load was
obtained as In(Won)/ Winiy), where NL indicates all
nonlethal chromosomes. The sum of the two loads
above is the homozygous detrimental load (D) and,
finally, the lethal load is obtained by subtracting this
latter load from the total load, In(Wo/ Wj(t)), where T
accounts for all chromosomes.

The additive and dominance genetic variances con-
tributed to the original population by mutation ¢ at
frequency ¢; were calculated as V,; =2(1 — ¢;)¢s®
[(1 —2¢)h + q,~]2 and Vg; = ¢*(1 — qi)2s2(l — 2,)%, re-
spectively (MUkal et al. 1974). For nonpleiotropic
and strengthening pleiotropic mutations, the total
contributed additive (V4) and dominance (Vp) vari-
ances were calculated as V, = 221\]_1 by(g) X V,,; and

i=1

Vo = Zf:fl b (¢i) X Vg ; and averaged over mutations.
The contribution of each antagonistic pleiotropic muta-
tion was calculated in a similar way, using its equilibrium
distribution frequency and summing up over all segre-
gating mutations.

Estimation of the average dominance: Estimates of
the average coefficient of dominance from regressions
involving heterozygous (y) and the sum of the corre-
sponding homozygous (x) genotypic viabilities (b, and
1/b,.,) used log-scaled viabilities to linearize multiplica-
tive effects. Estimates were obtained for quasinormal
chromosomes, as the main interest is usually on the av-
erage dominance coefficient of mildly deleterious muta-
tions (StMMoNs and Crow 1977). Calculations for the R
estimate, R = (1 — Wo)/2(1 — W;), used the homozy-
gous (Wo) and heterozygous (W;) mean viabilities of
nonlethal chromosomes.

DENG and LyNcH (1996) estimates of dominance
were obtained for untransformed viability, assuming
that the outcrossing base population can be subject to
self-fertilization. From each of the heterozygotes for
nonlethal chromosomes, 40 selfed (S) progeny were
obtained. The mean, Ws, and variance, O'%VS, of selfed
offspring were computed. Using these estimates as well
as the mean, Wy, and variance, O'%VO, of outcrossed
parents, the following functions could be computed
(DENG and LyNcH 1996, Equations 2),

2 W 2
W g
x=In iﬂg‘)-i-l , yln(—s>, z=1In (LW;-I—I ,

and the estimator of the average coefficient of domi-
nance is

1
hpp, = —F7—77—.
Pt 4/z/x — 2

Accordingly, estimates of the mutation rate and mean
selection coefficients were obtained as App = 2/p1y/
(2hpy. — 1) and spr. = x/(2NApy).

The above estimators were derived assuming constant
selective and dominance effects and, therefore, are
biased when mutational effects are variable. To correct
for this, DENG and Ly~ncH (1996) suggested that, if the
coefficient of variation of dominance coefficients, C; =
o2 /h?, and the coefficient of covariation between s and
hy Cop =044/ sh, were known, the estimators should be
corrected as

2 - Cs2.h,
1+ Gy,

9

1
6 C
fivr 8\/z/x—4< "

and

), ML= 2hpLy/(2hoL — 1 — CF),

SEk)L: X/[Q)\hDL(l + C‘h)]

The possibility of knowing C,? and C; ), is, however, very
unlikely.
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TABLE 1

Estimates of the average coefficient of dominance for segregating mutations and other parameters for a model of
few mutations of large average effect

Estimates of average 7 % chromosomes

n Mean effect by.x R 1/by. hpr, ON SL D Vi b Vi/D
0 (0, 0) — 0.04 0.04 0.18 0.06 88 12 0.114  0.0002  0.0008  0.002
10 (5, 5) 0.11 0.16 0.48 0.12 87 13 0.133  0.0015  0.0010 0.011
15 (7, 8) 5/8 0.14 0.20 0.54 0.15 87 13 0.143  0.0022 0.0012  0.015
30 (14, 16) 0.23 0.28 0.61 0.21 86 14 0.179  0.0043  0.0015 0.024
50 (23, 27) 0.31 0.32 0.65 0.26 84 16 0.222  0.0069  0.0020 0.031
3(1,2) 0.11 0.11 0.42 0.11 87 13 0.129  0.0022  0.0013 0.017
5 (2, 3) 5/4 0.16 0.16 0.54 0.16 86 14 0.146  0.0033  0.0016  0.023
10 (8, 7) 0.25 0.23 0.65 0.24 85 15 0.180  0.0063  0.0023  0.035
15 (5, 10) 0.31 0.28 0.68 0.29 83 17 0.217  0.0094 0.0027  0.043
3(1,2) 0.19 0.15 0.57 0.19 85 15 0.157  0.0082  0.0036  0.052
5 (1, 4) 5/2 0.28 0.21 0.70 0.27 82 18 0.196  0.0143  0.0059 0.073
10 (2, 8) s 0.35 0.28 0.83 0.38 71 29 0.299  0.0272  0.0105  0.091
15 (3, 12) 0.38 0.30 0.80 0.41 60 40 0.391 0.0402  0.0151 0.103

Nonlethal mutational parameters: X = 0.006, 5 = 0.2, 1 = 0.2.

Lethal parameters: A;, = 0.006, s, = 1, %, = 0.02. Population size: N = 10,000.

n, number of antagonistic pleiotropic mutations segregating per chromosome (the number of segregating nonpleiotropic mu-
tations in the chromosome sample was 93 = 1). In parentheses, number of underdominant and overdominant mutations, respec-
tively. Mean effect, mean viability effect of antagonistic pleiotropic segregating mutations.

by.x» 1/ by, Tegression estimates using the heterozygous (y) viabilities and the sum of the homozygous viabilities (x) of quasi-
normal chromosomes.

R, estimate of the ratio of genetic loads between outbred and inbred populations.

hpr, estimate of A from DENG and Ly~ncH (1996).

QN, SL, proportion of quasinormal and semilethal chromosomes, respectively.

D, Vy, W, detrimental homozygous load and additive and dominance genetic variances, respectively, for nonlethal chromo-
somes. Ranges of SE: b,,, 0.001-0.005; R, 0.001-0.003; 1/b,,, 0.002-0.009; Apr, 0.001-0.006; QN, 0.37-0.64; SL, 0.32-0.63;
D, 0.002-0.004; V4, 0.0000-0.0010; and Vp, 0.0000-0.0004.

To check the procedure we made runs with some of (by R, 1/byy, and hpp), for two mutational models,
the parameters used by DENG and LyNncH (1996). For

respectively. The first row in both tables refers to the
their case for outcrossing populations in their Table 2, case without pleiotropic mutations. Let us first consider
using 2\ = 1.5, an exponential distribution of mu-

the estimates under this situation. Note that most esti-
tational effects with mean 5 = 0.05, and dominance

values h = exp(—13s)/2 for an average h = 0.3, we ob-
tained estimates of A = 0.14 (A = 0.22), 2\p. = 0.91
(2N = 1.48),and sp;. = 0.12 (s, = 0.08), which are very
similar to those shown in their Table 2.

Finally, to compare the sampling variance for the dif-
ferent estimators of dominance, some runs were done
assuming the same total number of evaluated individu-
alsin each case. Thus, estimates of by ,, R, and 1/ b, ,were
obtained as usual from 100 homozygotes (using 100
sampled chromosomes) and all combinations of hetero-
zygotes (4950), whereas those for Ap;, were obtained
from 50 heterozygous parents (again 100 sampled chro-
mosomes) and 100 selfed progeny per parent.

RESULTS

Tables 1 and 2 show the average estimates of the
coefficient of dominance obtained with four estimators

mates are far from the arithmetic mean of Avalues (i.e.,
0.2 and 0.4 for Tables 1 and 2, respectively). This was
already observed by FERNANDEZ et al. (2004), who also
checked the diffusion results by simulations. The reason
is that estimates provided by the different estimators
do not give, in general, the arithmetic mean of domi-
nance coefficients, but harmonic or arithmetic means
weighted in different ways by the selection coefficients
(see Introduction). In addition, the mutation-selection
balance estimates are usually biased because of the finite
size of the population, the correlation between selective
and dominance coefficients, and other issues (FERNANDEZ
et al. 2004). In the unlikely case that the coefficient of
variation of dominance coefficients, C? = o2 /h*, and
the coefficient of covariation between s and %, C;;, =
(rsv;,,/Elfz, were known (see above), DENG and LyNcH
(1996) estimates (hpr.) can be roughly corrected to give
the unweighted arithmetic average for the dominance
coefficient of new mutations, h. The above necessary
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TABLE 2

Estimates of the average coefficient of dominance for segregating mutations and other parameters for a model of many mutations
of low average effect

Estimates of average &

% chromosomes

n Mean effect by.x R 1/byy hpr, ON SL D Vi b Vi/D
0 (0, 0) — 0.07 0.15 0.28 0.09 88 12 0.169  0.0009  0.0005  0.005
50 (25, 25) 0.11 0.22 0.42 0.14 88 12 0.187 0.0017 0.0006 0.010
100 (50, 50) 5/8 0.14 0.26 0.51 0.17 86 14 0.210  0.0025 0.0008 0.012
150 (74, 76) 0.18 0.29 0.56 0.20 85 15 0.233  0.0033  0.0009 0.014
300 (149, 151) 0.27 0.35 0.64 0.26 82 18 0.300 0.0057 0.0013 0.019
10 (5, b) 0.10 0.18 0.39 0.13 88 12 0.179  0.0021 0.0011 0.012
50 (23, 27) 5/4 0.21 0.27 0.58 0.23 85 15 0.226  0.0051 0.0017 0.023
100 (47, 53) 0.29 0.32 0.67 0.30 81 19 0.283  0.0092 0.0025  0.032
150 (70, 80) 0.34 0.35 0.71 0.34 75 25 0.332  0.0129 0.0032 0.039
10 (4, 6) 0.16 0.21 0.51 0.20 87 13 0.190 0.0046  0.0019  0.024
50 (21, 29) 5/2 0.32 0.32 0.78 0.38 73 27 0.318 0.0182 0.0061  0.057
100 (42, 58) S 0.35 0.37 0.95 0.45 51 49 0.486 0.0384 0.0115 0.079
150 (63, 87) 0.35 0.40 1.21 0.48 34 66 0.647 0.0552 0.0168 0.085

Nonlethal mutational parameters: A = 0.04, 5 = 0.05, h=0.4.

Other parameters and definitions are as in Table 1. The number of segregating nonpleiotropic mutations in the chromosome
sample was 2396 = 45. Ranges of SE: b, ,, 0.002-0.005; R, 0.001-0.004; 1/b,.,, 0.003-0.028; hpy, 0.003-0.008; QN, 0.59-1.35; SL,
0.76-1.40; D, 0.005-0.010; V4, 0.0000-0.0006; and Vp, 0.0000-0.0003.

parameters calculated from 10° sampled new mutations
were C? =1.084 and C,;, = —0.60 for the model in
Table 1, and (‘,f = 0.48 and C;; = —0.57 for the model
in Table 2. The corrected estimates are hj;, = 0.14 and
0.21 for Tables 1 and 2, respectively, still quite below the
true arithmetic mean values (2 = 0.2 and 0.4, respec-
tively). Accordingly, the regression b, , can be corrected
in the also unlikely case that one could know the
covariance between §* and A, 6, and the mean of &,
s2. Thus, from CABALLERO e/ al. (1997, Equation 3) the
correction should be & = by — (O'S‘z.h/g). The necessary
parameters were 0, = —0.0134 and s> = 0.080 for the
model in Table 1, and o ; = —0.0039 and 2 =0.012
for the model in Table 2. The corrected estimates are
0.21 and 0.40 for Tables 1 and 2, respectively, in good
agreement with the true arithmetic mean values.

The effect of antagonistic pleiotropic mutations over-
dominant for fitness (n > 0) is to inflate the estimates
of the average h. Note that, because of this inflation,
estimates can sometimes be closer to % than estimates
without antagonistic pleiotropic mutations. However,
this is simply an artifact. The magnitude of the increase
in the estimates of the average h increases with the
number of antagonistic pleiotropic mutations and their
average effect, but even a very small number of these loci
are able to produce substantial biases. For example,
three antagonistic pleiotropic mutations (n = 3; two of
them overdominant) with an average effect half that for
nonpleiotropic mutations increase the estimates three-
to fivefold (Table 1). The average number of nonpleio-
tropic (partially recessive) mutations segregating in the

chromosome sample is ~93 in this case, so the propor-
tion of antagonistic pleiotropic genes segregating in the
chromosome is ~3%. For a model with larger mutation
rates (Table 2) the results are similar, but the number of
antagonistic pleiotropic mutations has to be larger in
absolute value to show an appreciable effect as, in this
case, the number of segregating nonpleiotropic genes
in the chromosome sample is ~2400. In relative terms,
however, the increase is similar to that produced with
the previous mutational model. For example, 100 (4%)
antagonistic pleiotropic mutations (2% overdominant),
with an average effect half that for nonpleiotropic muta-
tions, produce again a three- to fivefold increase of the
estimates (Table 2). The cause for this increase is the
large number of segregating copies of each allele over-
dominant for fitness, as inferences about the average &
obtained from all estimators assume low frequencies for
viability deleterious mutations (see DISCUSSION). Simi-
larincreases occur when all genes, except those showing
antagonistic pleiotropy, show strengthening pleiotropy
instead of being nonpleiotropic (Table 3). The large
increases of b, .and /py, arising from overdominance for
global fitness contrast with the decreases or small in-
creases observed when overdominance occurs for via-
bility itself (Muka1 and YamMacucHI 1974; DENG 1998a;
L1 et al. 1999).

A compound estimate of the average h can also
be obtained from o,/0, = /V,y/2Vyy (HucHEs 1995;
CHARLESWORTH and HucHEs 1999), with a mutation-
selection balance prediction identical to that from

by« X (1/b,,) and similar to that from the estimator

~
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TABLE 3

Estimates of the average coefficient of dominance for segregating mutations and other population parameters
for a model where nonantagonistic mutations show strengthening pleiotropy

Estimates of average &

% chromosomes

n by‘ x R 1 / bx,y hDL QN SL D VA VD VA/ D
A.

0 (0, 0) 0.04  0.03 0.17 0.05 92 8 0.069 0.0006 0.0006 0.009
3 (1, 2) 0.23  0.17 0.58 0.21 90 10 0.109 0.0082 0.0033 0.075
5 (1, 4) 0.32 0.23 0.68 0.30 87 13 0.151  0.0139 0.0053 0.092
10 (2, 8) 0.38  0.30 0.80 0.41 77 23 0.249 0.0271 0.0102 0.109
15 (38, 12) 0.37 0.33 0.91 0.46 65 35 0.349 0.0401 0.0147 0.115
B.

0 (0, 0) 0.06 0.13 0.25 0.08 93 7 0.100  0.0016 0.0005 0.016
10 (4, 6) 0.19 0.21 0.51 0.22 92 8 0.130 0.0053 0.0016 0.041
50 (21, 29) 0.36  0.33 0.74 0.42 80 20 0.260 0.0195 0.0058 0.075
100 (42, 58) 0.37  0.38 0.90 0.48 60 40 0.416 0.0364 0.0107 0.087
150 (63, 87) 0.37  0.41 1.08 0.50 40 60 0.585 0.0554 0.0162 0.095

Nonlethal mutational parameters: (A) A = 0.006, s = 0.2, h=0.2; (B) A =0.04, 5= 0.05, 4 = 0.4. The num-
ber of segregating strengthening pleiotropic mutations in the chromosome sample was 70 = 1 for model A and
2102 * 22 for model B. The mean selection coefficient of antagonistic pleiotropic mutations is 5/2. Other pa-
rameters and definitions are as in Table 1. Ranges of SE: b, ,, 0.001-0.005; R, 0.001-0.005; 1/b,,, 0.002-0.011;
hpr, 0.001-0.008; QN, 0.26-0.79; SL, 0.31-0.69; D, 0.002-0.006; V, 0.0000-0.0010; and Vp, 0.0000-0.0004.

hpr. Values of o, /o, for quasinormal chromosomes
were computed under the model in Table 1 for the case
where pleiotropic mutations have an average effect 5/2
with n=0, 5, and 15 antagonistic pleiotropic mutations.
The values obtained were 0.10, 0.52, and 0.70, respec-
tively, within the range of values observed for the
estimators b, and 1/b,,.

Tables 1-3 give results for a population of size N= 10*
and asymmetric model of pleiotropy. Some of the cases in
Table 1 are extended to different population sizes (Table
4A) and to an asymmetric model of pleiotropy (Table 4B).
Results from both a range of population sizes and an
asymmetric pleiotropic model are qualitatively similar to
those shown previously, leading to identical conclusions.

TABLE 4

Estimates of the average coefficient of dominance for segregating mutations and other parameters for a
model of few mutations of large average effect, under different population sizes (A) and
an asymmetric model of pleiotropy (B)

Estimates of average 7

% chromosomes

N n b)zx R 1/ bxy hDL QN SL D VA VD VA/D
A.
10? 0 0.15 0.15 0.33 0.18 98 2 0.018  0.0003 0.0005 0.017
15 0.39 0.34 0.62 0.44 96 4 0.095 0.0074  0.0023  0.078
10° 0 0.07 0.07 0.25 0.10 94 6 0.056  0.0003  0.0007  0.005
15 0.35 0.31 0.65 0.37 91 9 0.150  0.0090  0.0029  0.060
10° 0 0.03 0.02 0.16 0.03 77 23 0.206  0.0002  0.0013  0.001
15 0.27 0.22 0.72 0.20 73 27 0.296  0.0089  0.0034  0.030
B.
3 0.08 0.15 0.40 0.10 86 14 0.132  0.0014  0.0010 0.011
10* 5 0.11 0.22 0.51 0.13 86 14 0.139  0.0021  0.0012  0.015
10 0.18 0.31 0.62 0.19 85 15 0.157  0.0041  0.0015  0.026
15 0.24 0.35 0.69 0.24 83 17 0.178  0.0060  0.0018  0.034

Nonlethal mutational parameters: A = 0.006,5 = 0.2, & = 0.2. N, population size. n, number of antagonistic pleio-
tropic mutationssegregating per chromosome. The mean selection coefficient of antagonistic pleiotropic mutations
is 5/4. Ranges of SE: b,,,, 0.001-0.004; R, 0.000-0.003; 1/ b,..,, 0.002-0.008; /ipy, 0.001-0.008; QN, 0.18-0.81; SL, 0.11-
0.39; D, 0.001-0.009; V4, 0.0000-0.0002; and Vp, 0.0000-0.0001. Other parameters and definitions are as in Table 1.
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TABLE 5

Sampling variance of the estimates of the average coefficient
of dominance for segregating mutations

Variance (X 10%) of the estimates of average A

n by.x R 1/by.y hpr,

0 0.16 =001 0.07 =002 2.7
10 9.17 £ 0.24 1.66 = 0.08 16.07

0.21 0.22 = 0.01
1.29 7.98 * 0.44

*
*

B.
0 024 =001 0.17 001 3.72 £0.22 0.25 £ 0.01
10 5.09 £ 0.31 0.61 £0.03 13.12 = 1.07 6.59 = 0.43

Mutational parameters: (A) A = 0.006, 5 = 0.2, h = 0.2; (B)
N = 0.04, 5= 0.05, 2 = 0.4. n, number of antagonistic pleio-
tropic mutations segregating per chromosome. The mean
selection coefficient of antagonistic pleiotropic mutations is
5/4. Other parameters and definitions are as in Table 1.

The sampling variance for the different estimators of
dominance is shown in Table 5 for some of the cases in
Table 1. The R-estimator shows the lowest sampling vari-
ance and 1/b,, the highest one. Intermediate and sim-
ilar sampling variances are shown by b, . and hpy..

The method of DENG and LyNcH (1996) allows us to
estimate the average selection coefficient and the muta-
tional rate of deleterious mutations using the previously
estimated average coefficient of dominance. These esti-
mates are presented in Table 6 for some cases correspond-
ing to Tables 1 and 2. Uncorrected estimates (Apr, Spr.)
have some bias even in the case with no pleiotropic
genes (see also L1 ¢t al. 1999 and L1 and DENG 2000). This
bias may become huge with the presence of pleiotropic
mutations, although counteracting biases can make the
estimates closer to the true values. Correction through

TABLE 6

Estimates of the per generation rate of mutations and the
average selection coefficient of mutations by the method
of DENG and LyNcH (1996)

n Apr SDL. )\T)L 31#;1‘
A.
True value: 0.006 0.200 0.006 0.200
0 0.009 0.409 0.012 0.307
3 0.040 0.277 0.071 0.201
10 0.188 0.150 0.265 0.092
B.
True value: 0.040 0.050 0.040 0.050

0 0.022 0.205 0.038 0.131
10 0.030 0.175 0.093 0.105
100 0.394 0.067 0.537 0.014

Mutational parameters: (A) A = 0.006, 5 = 0.2, h=0.2; (B)
A=0.04,5 = 0.05, h = 0.4. n, number of antagonistic pleiotro-
pic mutations segregating per chromosome. The mean selec-
tion coefficient of antagonistic pleiotropic mutations is 5/4.

mutational information leads estimates ()\;’SL, S;X;L) toward
the true values on some occasions but not on others.

To assess the implications of segregating loci over-
dominant for fitness we analyzed the distribution of
homozygous and heterozygous viabilities as well as the
expressed homozygous mutation load. The proportion
of lethal chromosomes was in the range 24-29% for all
cases in Tables 1-4 (for N = 10*-10°), with a lethal
mutation load in the range 0.27-0.34. These propor-
tions are not affected by the models considered, as
the assumed rate of lethal mutations was the same in
all cases. They are of the same order as empirical esti-
mates. Thus, the average proportion of lethal chromo-
somes II for Drosophila is between ~20 and 40% (e.g.,
Mukarl and YAMAGUCHI 1974; MUKRAT and NAGANO 1983;
Kusakape and Mukar 1984), and the corresponding
average lethal mutation load is 0.247 (with a range
0.13-0.50 from 17 studies) (Stmmons and Crow 1977).
Among the nonlethal chromosomes, the proportion of
quasinormal and semilethal chromosomes is given in
Tables 1-4. Tables 1-4 also show the homozygous
mutation load due to nonlethal chromosomes (detri-
mental load) and the additive and dominance genetic
variances contributed by nonlethal chromosomes. The
presence of antagonistic pleiotropic (overdominant)
mutations increases the fraction of semilethal chromo-
somes at the expense of quasinormal ones. For a suf-
ficiently large number of overdominant mutations the
proportion of semilethal chromosomes may exceed that
of quasinormal ones (see the case with n = 150 segre-
gating antagonistic pleiotropic mutations with average
effect 5/2 in Table 2). Segregating overdominant muta-
tions increase therefore the detrimental load and the
amount of additive and dominance genetic variance.
However, the proportional increase in additive variance
is much larger than that in the detrimental load, as in-
dicated by their ratio. When pleiotropic genes show
strengthening pleiotropy (Table 3), there is a slightly
larger proportion of quasinormal chromosomes at the
expense of semilethal ones, and the homozygous detri-
mental load is slightly smaller than in the case with non-
pleiotropic genes (¢f. Tables 1-3). Smaller population
sizes also imply a larger proportion of quasinormal
chromosomes and detrimental load (Table 4A). Asym-
metrical models of pleiotropy produce slightly smaller
detrimental loads and genetic variances than do sym-
metrical models (¢f. Tables 1 and 4B).

Figure 2 shows the distribution of chromosomal
viabilities for some models in Tables 1 and 2. The top
of each column shows the case with nonpleiotropic mu-
tations (n = 0). In this case, the distribution of het-
erozygous chromosomes is closely centered around the
mean, and the distribution of homozygotes has also a
peak close to one. The inclusion of antagonistic pleio-
tropic mutations increases the variation of heterozygous
and homozygous chromosome viabilities and moves
the homozygous mean far away from the heterozygous
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Ficure 2.—Distribution of homozygous (continuous) and heterozygous (discontinuous) chromosome viabilities for different
numbers (n) of antagonistic pleiotropic mutations segregating per chromosome (their average viability effects in parentheses).
The two columns refer to predictions using mutational parameters X = 0.006, s = 0.2, 2 = 0.2 and A = 0.04, 5= 0.05, h = 0.4,

respectively (A, = 0.006, s, = 1, and &, = 0.02 for lethals). Results were obtained by diffusion approximations for nonpleiotropic
mutations and by transition matrix for antagonistic pleiotropic ones.

one. The replacement of nonpleiotropic mutations by

strengthening pleiotropic ones does not affect sub-
stantially the distribution of chromosomes (results not

shown).

We have investigated the effect of antagonistic plei-
otropy on indirect estimates of the average degree of

DISCUSSION

dominance for a fitness component (say, viability). To
achieve this, we have explored models with plausible
mutational rates and effects, and we have included
different proportions of antagonistic pleiotropic muta-
tions that reduce viability but tend to be overdominant
for fitness. We showed that even a very small proportion
of such fitness-overdominant segregating mutations
(down to 2%) can produce estimates of the average Ain-
flated by up to fivefold. The reason is that the statistics
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studied (b, 1/by,, R, and hpy) can be interpreted only
in terms of the corresponding average h-estimates (see
the Introduction) on the assumption that segregating
alleles reducing viability are always at low frequency, so
that homozygotes for deleterious mutations can be
neglected in a panmictic population. When this as-
sumption does not hold, the above statistics give biased
estimates. For example, from Equations 1-3 of MUKaI
and YamacucHI (1974), which give variances of ho-
mozygous and heterozygous viabilities and their corre-
sponding covariances, it can be shown that, if deleterious
mutations are at frequency 0.5, we expect by, = 0.5
irrespective of the value of % (see also CHARLESWORTH
and HucHes 1999), and the expected value for 1/b,.,
ranges between 0.5 and 0.75 for different values of i The
high sensitivity of the estimators to a small fraction of
pleiotropic mutations is due to the large proportion of
genetic variance accounted for. Our results support the
view that estimates of the average coefficient of domi-
nance from segregating populations assuming a balance
between directional selection and deleterious mutation
are not very reliable and that direct estimates from
mutation-accumulation experiments may be more ap-
propriate (FERNANDEZ et al. 2004).

The approach followed in this work is similar to that
from Muxkal and YAmMaGcucHI (1974), DENG (1998a),
and L1 et al. (1999), in that these authors also studied
the effect, on the estimation of mutational parameters,
of an increasing number of mutations under balanc-
ing selection in addition to deleterious mutations. The
difference is that they assumed a model of pure over-
dominant mutations; i.e., mutations are overdominant
for their effects on the traititself under study. The result
is a decrease or small increase of the estimates provided
by by, and hpp, relative to the case where no overdomi-
nant mutations are included. In our model all mu-
tations are deleterious for the trait under study, but a
small proportion can be overdominant for overall fit-
ness through an advantageous pleiotropic effect on
another trait. The observed result is, in contrast, a huge
increase of the estimates provided by b, and hpr.
Whereas the model of pure overdominance is, accord-
ing to CHARLESWORTH and HUGHES (1999), decisively
rejected by the data, marginal overdominance through
antagonistic pleiotropy is a rather likely scenario
(CHARLESWORTH and HUGHES 1999).

MukAl and YamMacucHI (1974) also considered the
possibility that mutations affecting viability have a dif-
ferent effect on global fitness. They defined the ratio ¢
from the degree of dominance for total fitness to that
for viability, so that ¢ > 1 would indicate that the overall
heterozygous effect on fitness of a viability mutation is
larger than the effect on viability itself. Indirect esti-
mates of ¢suggesting values ~2-3 have been obtained by
Mukal and YAMAGUCHI (1974), MUKATI et al. (1974), and
CHARLESWORTH and HuGHESs (1999). We have also con-
sidered a model of mutations with strengthening pleio-

tropy, roughly equivalent to a model where ¢ = 2 for all
segregating mutations affecting viability. As shown in
Table 3, this model does not strongly affect the estimates
of the average coefficient of dominance. Similar con-
clusions were reached by FERNANDEZ et al. (2004), who
investigated the effect of strengthening pleiotropy on
the estimation of the average h from segregating pop-
ulations, assuming a model where the selection coef-
ficients of mutations are increased by a factor between 1
and 3 in their global effects on fitness.

Our model of antagonistic pleiotropy usually assumes
segregating loci that have symmetric effects on both fit-
ness components, a given allele having opposite domi-
nance relationships for each trait (termed reversal of
dominance by CURTSINGER ¢t al. 1994). In other words,
a given allele that is deleterious recessive for a fitness
component will be advantageous dominant for the other.
This model was chosen as it gives the most favorable
conditions to maintain a polymorphism. Equal domi-
nance relationships (e, a given allele is either reces-
sive or dominant for both fitness components, termed
parallel dominance by CURTSINGER et al. 1994) sub-
stantially restrict the possibility of a stable polymorphism
(HOEKSTRA et al. 1985; CURTSINGER e¢f al. 1994; HEDRICK
1999). Branched multienzyme pathway analyses suggest
that parallel dominance is the most general situation,
as mutations affecting enzyme activity are likely to be
recessive for all pleiotropic branches (KEIGHTLEY and
Kacser 1987). However, reversal of dominance may also
occur under some particular situations (KEIGHTLEY and
Kacser 1987), and the phenomena illustrated in this
article require only a very small fraction of mutations
giving rise to balancing selection. In addition, we have
also considered a more flexible and general model where
mutational effects and their corresponding dominance
coefficients are independently assigned to both fitness
components. Thus, this model would include a range of
dominance relationships. The results (Table 4B) are very
similar to those obtained with the symmetrical reversal of
dominance model (Table 1), suggesting that a variable
relationship between the degrees of dominance of mu-
tations for the pleiotropic traits can also maintain sub-
stantial polymorphism.

Conditions for the selective maintenance of stable
polymorphisms by antagonistic pleiotropy are quite
restrictive (CURTSINGER et al. 1994; HeDRICK 1999).
However, the analyses leading to this conclusion con-
sider only the maintenance of variation by balancing
selection, ignoring the recurrent introduction of new
alleles by mutation. A continual input of variation via
mutation at loci subject to antagonistic pleiotropy, as
assumed in our model, may additionally contribute to
the maintenance of the polymorphism (LyNCH and
WaLsH 1998, p. 656), but this is an issue out of the scope
of this article.

The estimation method of DENG and LyNcH (1996)
allows for the estimation not only of the average
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TABLE 7

Empirical estimates of the average coefficient of dominance for segregating mutations (regression estimates using the
average homozygous, x, and heterozygous, v, viabilities of chromosome II of Drosophila melanogaster) and
other population parameters

Population by.x 1/by, ON SL D Vi b Va/D
Aomori®* 0.18 = 0.06 0.67 £ 0.23 85 15 0.243 0.0027 = 0.0010 0.0001 = 0.0003 0.011
Raleigh“ 0.29 *+ 0.07 1.01 = 0.23 76 24 0.334 0.0096 = 0.0025 0.0012 £ 0.0005 0.029
Orlando®® 0.48 * 0.21 0.67 = 0.28 64 36 0.403 0.0202 = 0.0038 0.0006 = 0.0057 0.056

Parameters and definitions are as in Table 1.
“Mukar (1985).

"KusakABE and MUKAI (1984).

‘MuUKAI and YAMAGUcHI (1974).

“Mukar and NacaNo (1983).

dominance, but also of the average selection coefficient
and the deleterious mutation rate. The biases incurred
by the estimates of dominance with this method,
hp, are of the same order as those obtained by the
other estimators (see Tables 1-5) and can be substan-
tially lower than the arithmetic mean of Avalues in
the absence of pleiotropic effects. This may seem surpris-
ing as, apparently, Ap;, uses information from both the
variance and the average viability in O and S popula-
tions. However, the averages are used to remove just the
mean-variance dependence that arises because of the
between-locus multiplicative nature assumed for fitness.
This could be attained in a more simple way by assuming
an additive model for multilocus effects or, alternatively,
by using log-transformed data (M = In(W)), for which
the mutation-selection balance expectations for the
basic parameters in DENG and LyNcH (1996, Equations
la-1d) become

O'%do = Uhs,
0%y, = Us(1 +2h)%/16h,
Mo = Miax — U,
Ms = Mo — U(1+1/2h)/2,

where U = 2\. Therefore, parameters with the same
expectation as the x, y z used by DENG and LyNcH
(1996) reduce to

2

;S
x—()'MO,

, -
y:Ms—Mo,
r 2
Z—O‘MS,

which can be used instead of x, y, z,in DENG and LYNCH’s
(1996) estimation Equations 4a—4c, providing estimates
for h, U, and s very close to those obtained for un-
transformed fitness (data not shown). This log-fitness
version of the DENG and Ly~ncH (1996) method reveals
that hpp. uses basically the ratio from the genetic var-
iance between panmictic (outbred) individuals to that
between individuals with some degree of inbreeding

(selfed):

h _ 1 _ 0'[\40
oL 4/7|x —2 4oy, — 20y,

Because of this, its mutation-selection balance expecta-
tion approximates that for the estimator proposed by
CHARLESWORTH and HuGHES (1999), which estimates
h from the ratio from the genetic variance between
panmictic individuals to that between homozygous
ones, \/b,, X (1/by,) = 0,/0..

In addition to the bias incurred by /Ap;, substantial
biases are also observed for the corresponding estimates
of mutation rates and mean selective coefficients de-
pending on the mutational model (Table 6). The pres-
ence of overdominant loci implies an increase in the
estimates of /p;, and Apy, and a decrease in those of spy,
(Table 1-6). A similar increase in the estimates of \py,
and a decrease in those of sp;, are observed under pure
overdominance for the trait under study (LI et al. 1999).

T. Mukai and co-workers carried out analyses of
viability in a number of natural populations of D. mela-
nogaster. A summary and discussion of the results re-
garding the maintenance of variation has been provided
by Mukar (1985, 1988). The analysis of variation sug-
gested that there is a cline in the amount of additive
variance from northern to southern populations, so that
southern ones usually show higher additive variances
than northern ones. Table 7 and Figure 3 show em-
pirical estimates of the average coefficient of domi-
nance and other parameters for chromosome II of D.
melanogaster from the Aomori (KUSAKABE and MUKAI
1984), Raleigh (Mukar and YamacucH 1974), and
Orlando (Mukar and Nacano 1983) populations,
which are representatives of populations in the north-
to-south cline. The northernmost population (Aomori)
showed the lowest additive variance among all popula-
tions analyzed by Mukar (1985, 1988). The southern-
most Orlando population was that with the highest
additive variance. The Raleigh population had both
intermediate latitude and variance. As shown in Table 7
and Figure 3, the proportion of detrimental chromo-
somes increased at the expense of the quasinormal ones
toward the southern latitudes, and there was an increase
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Ficure 3.—Distribution of homozygous (continuous) and
heterozygous (discontinuous) chromosome viabilities from
empirical studies in three natural populations of Drosophila
melanogaster: (A) Aomori (KUusaARABE and Mukar1 1984), (B)
Raleigh (Muxkal and YamacucHi 1974), and (C) Orlando
(Mukar and NAGcaNoO 1983).

in the homozygous detrimental load, but this was pro-
portionately lower than the increase in additive vari-
ance. An increase in dominance variance was less
apparent as this shows a large standard error for the
Orlando population.

It is also clear from Table 7 that the regression esti-
mate by, increased toward the south whereas the esti-
mate 1/b,., always showed large values. Another useful
parameter to be compared among these populations is
the variance among genotypic values for homozygous
chromosomes, Vi, because the ratio Vy/ Vi is expected
to be low under a mutation-selection balance model and
large under balancing selection (CHARLESWORTH and
HuchEs 1999; KeLLy 1999). In fact, as stated above, the
value of V3 /2Vy == O'y/O'x is an estimator of the average
h with a mutation-selection balance expectation analo-
gous to that of \/b, . X (1/b,,) and hpy.. Using the results
from quasinormal chromosomes from KUSAKABE and
Mukar (1984), Muxkal and YamacucHi (1974), and
Muxkar and NAGANO (1983), the estimates of 0, /0, were
0.34, 0.66, and 0.57 for the Aomori, Raleigh, and Orlando
populations, respectively. Another estimate for the
Aomori population (0.17) can be obtained from TARANO
et al. (1987) (see also CHARLESWORTH and HUGHES 1999)
to give an average of 0.25 for this population.

Muxkar (1988) suggested that the variation in the north-
ernmost populations could be explained by mutation-
selection balance alone, whereas the excess in additive
variance observed in the southernmost populations
could be due to genotype-environment interaction
(see also SANTOS 1997). This was suggested to be operat-
ing if the selection coefficients of mutations for viability
take negative or positive values, depending on different
environmental conditions, while the fitness of hetero-
zygotes remains intermediate between the homozygotes
but close to that of the fitter homozygote. In this sit-
uation, the maximum number of loci involved in
diversifying selection would not be great (<200). MUKAI
and YAMAGUCHI (1974) also suggested the possible ex-
istence of a small number of overdominant loci affect-
ing viability in the Raleigh population, responsible for a
homozygous detrimental load of ~0.1.

It should be noted that the effective population sizes
estimated for the three populations discussed above
were quite different: ~2600 for the Aomori population,
~20,000 for the Raleigh population, and effectively
infinite for the Orlando population (KUSAKABE and
Mukar 1984). These estimates were obtained from
the rate of allelism among lethal chromosomes and,
therefore, they can be subject to large estimation errors.
However, the results may indeed suggest different
population sizes. If this is the case, it is possible that
some of the patterns observed between populations for
the north-south cline (Table 7) are due to this differ-
ence in population size. The larger the effective popula-
tion size, the larger the expected proportion of semilethal
chromosomes at the expense of quasinormal ones and
the larger the homozygous load (FERNANDEZ et al. 2004),
agreeing with the clinal results in Table 7. For example,
the proportions of quasinormal chromosomes for the
case without pleiotropic mutations (7= 0) in Tables 1 and
4 are 98, 94, 88, and 77% for N = 102% 10%, 10%, and 10°,
respectively, and the corresponding detrimental loads are
0.018, 0.056, 0.114, and 0.206, respectively. In contrast,
small effective population sizes would usually imply in-
flated values for the average h-estimates, compared to
their expectation assuming mutation-selection balance at
an effectively infinite population (FERNANDEZ et al. 2004),
whereas the observed results in the cline point toward the
opposite direction. For example, for the same instances as
above, the estimates of by care 0.15,0.07,0.04, and 0.03 for
N=10%10% 10% and 10°, respectively. Therefore, it may
be quite feasible that the differences in variation, detri-
mental loads, and chromosome viability distributions
are due to some form of balancing selection operating
at a few loci, rather than to differences in effective pop-
ulation size.

The results of this article suggest the possibility that
the enhanced variances in the southernmost popula-
tions studied by Mukai and co-workers could be caused
by some deleterious mutations affecting viability and
having an advantageous pleiotropic effect on other
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fitness components. The inclusion of a small number of
such antagonistic pleiotropic mutations induces changes
in the parameters studied, compatible with the main
observations. Thus, in Tables 1-4 and Figure 2 it can be
seen that pleiotropic mutations decrease the proportion
of quasinormal chromosomes at the expense of semi-
lethal ones, increase the homozygous detrimental load
and the additive variance (the latter in a larger proportion
than the former), and inflate the estimates of the regres-
sions by, and 1/b,,. All these results are observed in the
north-to-south cline in natural populations (Table 7 and
Figure 3). Nevertheless, the increase in dominance var-
iance is not so apparent in the empirical data (Table 7)
(Muxkar 1985, 1988). Theoretical arguments suggest
that antagonistic pleiotropy should produce a domi-
nance variance about half as large as the additive variance
(CURTSINGER ¢ al. 1994). In agreement with this pre-
diction, we obtain a dominance variance between one-
third and one-half of the additive variance in the presence
of antagonistic pleiotropic mutations (Tables 1-4). An ex-
tensive review including many wild and domestic species
shows that life-history traits have levels of dominance
variance that on average may be as high or even higher
than those of additive variance (CRNOKRAK and ROFF
1995), giving some indirect support for the antagonistic
pleiotropy model or other models of balancing selection
where recessive mutations are maintained at high fre-
quencies. Whether or not this is a general scenario for
viability in Drosophila, our results indicate that a few
segregating loci maintained at large frequencies may
importantly inflate indirect estimates of the average de-
gree of dominance of deleterious mutations for fitness
components, producing large average h-values in agree-
ment with common empirical observations.

That antagonistic pleiotropy selection is likely to be a
force occurring in nature has been deduced by different
analyses (see review by CHARLESWORTH and HUGHES
1999), but quantifying the proportion of variation due
to directional and balancing selection may be, however,
a difficult task not yet resolved.
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