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SHORT NOTE

Estimation of the upper limit of the mutation rate and
mean heterozygous effect of deleterious mutations
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Summary

Deng et al. have recently proposed that estimates of an upper limit to the rate of spontaneous
mutations and their average heterozygous effect can be obtained from the mean and variance of a
given fitness trait in naturally segregating populations, provided that allele frequencies are
maintained at the balance between mutation and selection. Using simulations they show that this
estimation method generally has little bias and is very robust to violations of the mutation—selection
balance assumption. Here I show that the particular parameters and models used in these
simulations generally reduce the amount of bias that can occur with this estimation method. In
particular, the assumption of a large mutation rate in the simulations always implies a low bias of
estimates. In addition, the specific model of overdominance used to check the violation of the
mutation—selection balance assumption is such that there is not a dramatic decline in mean fitness
from overdominant mutations, again implying a low bias of estimates. The assumption of lower
mutation rates and/or other models of balancing selection may imply considerably larger biases of
the estimates, making the reliability of the proposed method highly questionable.

1. Introduction

Deng et al. (2006) have recently proposed the esti-
mation of an upper limit to the diploid genomic rate
and the average heterozygous effect of spontaneous
deleterious mutations from the mean and variance of
a fitness trait in naturally segregating populations.
The basis of the method is the following. In the case of
outbreeding populations, the diploid genomic rate
of deleterious mutations (U) for a fitness trait in a
naturally segregating population with deleterious al-
lele frequencies at mutation—selection balance (MSB),
assuming multiplicative fitness between loci, is

Ue— m(WZVM), (1)

where W is the estimate of the population mean for
the fitness trait and W,,,. is the maximum fitness,
or that of a hypothetical genotype free of mutations.
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Because W,,, 1s unknown, a value of 1 can be
assumed for traits such as viability, implying that
there are no causes of mortality other than the ac-
cumulation of deleterious mutations. In this situation,
—InW becomes an upper limit of the rate of
mutation,

U<—InW, (2

i.e. if W,,,.=1 this estimator is unbiased under MSB
but, if W,,,.<1, the estimate of U will be biased
upwards.

Analogously, from the variance of the population
for a fitness trait (0%y), an estimate of the per gener-
ation fitness decline from heterozygous mutations
(Uhs, where hs is the average heterozygous effect of
mutations) can be obtained from

Uh_s=1n<(;;2y+l>. 3)

This estimator is, again, dependent on the assumption
of MSB, but is not affected by the value considered
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Table 1. Estimates of the diploid genomic upper limit
rate of mutations (U) assuming different true values
of U and different values of W, the fitness of a
hypothetical genotype free of deleterious mutations.
W is the average fitness of the population for the
corresponding values of true U and W, using
equations (1) and (2) and assuming that deleterious
mutations are at mutation—selection balance
frequencies in an infinite population

Estimated
o upper limit
True U W hax W of U
1-00 10 0-368 1-00
0-8 0-294 1-22
06 0-221 1-51
0-20 10 0-819 020
0-8 0-655 0-42
06 0-491 071
0-10 10 0-905 0-10
0-8 0-724 0-32
06 0-543 061
0-03 10 0-970 0-03
0-8 0-776 0-25
06 0-582 0-54

for W,,... Analogous estimators can be obtained for
the case of naturally segregating inbred populations
(Deng et al., 2006).

By means of computer simulations, Deng et al.
(2006) tried to quantify the amount of bias in the
estimated upper limit of U when W,,,,. <1, both under
MSB and for a model of balancing selection where
overdominant mutations for the fitness trait under
study are considered in addition to the dominant
mutations. They concluded that the estimation of
U and Uhs is not greatly biased. For example, the
estimated upper limit of U was generally no more
than twice the true value under the different simu-
lation cases (see table 1 of Deng et al., 2006). Here
I point out that some of the models and parameters
used by Deng et al. (2006) are such that a possible
overestimation of U and Uhs is minimized, and that
other models and parameters may change the con-
clusions dramatically.

2. Overestimation of U when the true rate of
mutation is low

In the first place, in their computer simulations to
assess the bias in the estimation of U and Uhs for
populations at MSB frequencies, Deng et al. (2006)
assumed a true mutation rate of U=1, and did not
estimate the amount of bias for lower values of
the true U. The assumption of a large true value for
U implies a low relative bias when W,,,,. <1 because,
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as the amount of decline in mean fitness through
deleterious mutations gets larger, the non-genetic
decline becomes relatively less relevant. For example,
when the true value of Uis 1 and W, is, say, 0-6, the
estimated U would only be 1-51 times the true U (see
table 1 of Deng et al., 2006, and Table 1 of this note).
However, if a lower true mutation rate is assumed, the
amount of the bias could be considerably larger
(Table 1). For example, if again W,,,,=0-6 but the
true U is 0-1, the estimated U would be 6 times larger
than the true one, and if U=0-03 the estimated U
would be 18 times larger than the true one. Therefore,
the conclusion drawn by Deng et al. (2006) about the
generally low bias of the estimates of U because of
Wax<1 applies only if the true mutation rate is
large. To the extent that many estimates of mutation
rates obtained for several fitness traits and species are
much lower than 1 (see, for example, Garcia-Dorado
et al., 2004), the conclusion drawn by Deng et al.
(2006) about a low impact of W,,,.<1 on the pro-
posed estimation method does not generally hold.

3. Overestimation of U and Uhs under overdominance

The second point to note refers to the balancing
selection model used by Deng et al. (2006) to check
the robustness of the estimators for a violation of
the MSB assumption. For this they used a model
described by Li et al. (1999), in which a number of
mutations, assumed to be overdominant for the
fitness trait under study, are considered in the simu-
lations in addition to the recessive mutations. The
results show that this model of balancing selection
has little or no impact on the estimates of either
the upper limit of U or Uhs, irrespective of the
assumed value of W,,,. (see tables 1 and 2 of Deng
et al., 2006). However, there is a technical flaw in the
overdominant simulation model used by Deng et al.
(2006), at least in relation to the estimation method
proposed, as explained in the following.

In addition to recessive mutations (with hetero-
zygous effects 7;s;), Deng et al. (2006) considered
overdominant loci with genotypes BB, Bb and bb.
They referred to ns, ny and ns as the numbers of the
three genotypes, respectively, obtained from a tri-
nomial distribution with frequencies p% 2pg and 2,
respectively, where p=(h,—1)/(2h,—1) (the domi-
nance and selection coefficients assumed for the
overdominant loci were constant values of 4,= —0-2
and s,=0-03, respectively). Then, the equation
used for obtaining the mean fitness of outcrossing
populations on p. 59 of Deng et al. (2006) was
W e [IL(1 — s )](1 — hys,)™ (1 —s,)™. Here 1 assume
that there is a typographical error, and the equation
should have exponents n, and n; instead of n3 and ny
(an extra bracket is also mistyped in the equation of
p- 59). If the exponents are corrected, the equation
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agrees with that of Li e al. (1999, p. 898, where ng and
n, referred to Bb and bb). Note that because /4, is
negative (—0-2), the fitness of the overdominant
heterozygous genotype (Bb) is larger than 1, because
the usual scaling of the genotypic values by that with
the largest fitness value does not seem to be made.
These genotypic values larger than | for the hetero-
zygote imply that W,,,,.> 1 for particular loci, despite
the fact that a maximum value W,,, =1 is assumed in
their estimator (equation 5 of their paper; equation 2
in this note).

Thus, although overdominance should produce
a genetic load, reducing the population mean and
biasing upwards the estimated upper limit of U, the
addition of overdominant loci in the Deng et al.
(2006) simulations can cause an increase in popu-
lation mean fitness. This leads to downwardly biased
U estimates, as can be seen in their table 1 (i.e. see
U=097 and 093 instead of 1-00 for outcrossing
populations, mixed dominance and overdominance,
W,.ax=1), implying that the population mean is ac-
tually larger when overdominant genes are considered
(W=0-378 and 0-394, respectively) than when they
are not (W=0-368). For real data, W,,,, can only be
assumed to be 1 for viability (and then to a rough and
risky approximation), for which overdominance
would never increase the value of the optimum geno-
type above 1. For other fitness traits, scaling to W,
in equation (1) cannot be avoided. Thus, the simu-
lation model used by Deng et al. (2006) is intrinsically
flawed, as the sign of the bias detected is opposite to
that expected using the appropriate W, scaling.

4. Simulation of the estimation method
under overdominance

A model of pure overdominance for the loci control-
ling fitness traits, such as that considered by Deng
et al. (20006), is decisively rejected by the data as a gen-
eral model of maintenance of variation (Charlesworth
& Hughes, 2000). Other more widely recognized
models of balancing selection imply overdominance
for global fitness without overdominant gene action
for the studied trait. For example, overdominance for
overall fitness might arise from the antagonistic
pleiotropic effects of mutations on more than one
fitness trait, the so-called marginal overdominance
model (Falconer & Mackay, 1996, p. 41). Antagon-
istic pleiotropy is considered a central part of some
evolutionary theories, such as the evolution of
senescence, and a plausible cause of maintenance of
genetic variation for fitness components (see, for
example, Roff, 1997; Charlesworth & Hughes, 2000).

In order to assess the impact of an antagonistic
pleiotropic model of mutations on the estimation
method proposed by Deng et al. (2006), the
simulation model and procedure described by
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Fernandez et al. (2005) was used to obtain estimates
of U and Uhs with the method of Deng et al. (2006).
In brief, mutations are assumed to be strictly del-
eterious for the fitness trait studied, and a variable
proportion of them are assumed to have a pleiotropic
advantageous effect on another fitness trait, generat-
ing overdominance on global fitness. Using diffusion
approximations and transition matrix methods, the
distributions of gene frequencies for non-pleiotropic
and pleiotropic mutations in a finite population of
size N=10* at the mutation-selection—drift balance
were obtained. From these distributions the popu-
lation mean (W) and variance (0%) for the fitness trait
under study were calculated. The corresponding
estimates of the upper limit of U and of Uhs, obtained
from equations (2) and (3) and assuming W,,..=1,
are presented in Table 2 for two sets of mutational
parameters that correspond to the models analysed in
tables 1 and 2 of Fernandez et al. (2005), respectively,
scaled to the whole diploid genome.

For the first set of mutational parameters (set A in
Table 2), the assumed diploid genomic rate of mu-
tations is U=0-03 with a theoretical rate of decline of
Uhs=0-12% per generation, whereas for the second
set (set B), U=0-2 and Uhs=0-40%. Mutational
effects are gamma distributed with shape parameter
S =1and 0-263 for sets A and B, respectively. Because
it might be expected that antagonistic pleiotropic
mutations are those with the smallest homozygous
effects (it seems reasonable that mutations largely
deleterious for a fitness trait are less likely to be
favourable for another), the mean effect of these is
only 1/8, 1/4 or 1/2 of the average effect of non-
pleiotropic mutations. A variable proportion of
overdominant pleiotropic mutations relative to the
number of non-pleiotropic segregating mutations was
investigated, the number of non-pleiotropic segregat-
ing mutations being 232 for set A and 5990 for set B.
For example, 1% pleiotropic overdominant mu-
tations with mean effect 5/8 in set B implies that about
60 segregating mutations with average homozygous
effect §=0-05/8=0-00625 affecting the trait under
study are pleiotropic, this number (60) being about
1% of the number of non-pleiotropic segregating
mutations (5990) with average homozygous effect
§=0-05. More details of the model and procedure can
be found in Fernandez et al. (2005).

In the absence of overdominant pleiotropic mu-
tations, the estimated U and Uhs are close to their
expected values for an infinite population, although
somewhat lower because the populations analysed are
finite ones (see Garcia-Dorado et al., 2003). As shown
by Table 2, the effect of a given proportion of
pleiotropic overdominant mutations is clear, produc-
ing substantial overestimation of U and Uhs. The
case with W,,,,. <1 (not considered in the table) would
increase this overestimation further. In conclusion,
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Table 2. Estimates of the diploid genomic upper limit rate of mutations (U) and the per generation mean
heterozygous fitness decline (Uhs) for two sets of mutational parameters, assuming W,,,.=1

Parameter set A

Parameter set B

Estimated Estimated
Mean % upper limit Estimated Y% upper limit Estimated
effect? ODM? of U Uhs (%) ODM? of U Uhs (%)
- 0 0-027 0-11 0 0-171 0-22
5/8 5-4 0-184 0-52 10 0-344 0-46
8:6 0-267 0-69 2-1 0-521 0-71
17-0 0-525 1-36 32 0-699 0-94
29-0 0-857 2:14 63 1-233 1-68
5/4 2-1 0-109 0-57 02 0-248 0-47
32 0-189 0-99 11 0-577 1-47
7-5 0-379 2:02 2:2 0-958 2:57
10-7 0-596 3-23 33 1-391 4-00
5/2 2-1 0-190 2:16 02 0-332 1-36
43 0-354 422 12 1-041 657
86 0-757 9-57 2-4 1-894 12:64
129 1-179 1517 36 2-789 18-81

Population size: N=10*. Mutational effects were obtained from a gamma distribution and dominance coeflicients obtained
as a function of the mutational effects as described by Fernandez et al. (2005). Set A: True U=0-03, scale parameter for the
gamma distribution f=1, mean homozygous effect §=0-2, mean dominance coefficient #=0-2. Set B: U=0-20, =0-263,

§=0-05, h=0-4.

¢ Mean effect of overdominant pleiotropic segregating mutations for the trait under study.
b Proportion of overdominant pleiotropic mutations segregating in the genome relative to the number of non-pleiotropic
segregating mutations (232 for set A and 5990 for set B). Average standard errors of the estimates are 0-8 % of the estimated

values for U and 2-4% of the estimated values for Uhs.

balancing selection through antagonistic pleiotropic
effects on fitness components may imply substantial
upward biases in the estimates of the mutation rate
and the per generation mean heterozygous decline in
fitness estimated by the method of Deng et al. (2006).

5. Discussion

The first source of bias discussed in this note is
important if the true rate of mutation is low relative
to the overestimation involved in assuming a value
of W,ux=1. Most estimates of U obtained from
mutation-accumulation (MA) experiments suggest
values of U lower than about 0-2 (e.g. Garcia-Dorado
etal.,1999,2004; Fry & Heinsohn, 2002 ; Charlesworth
et al., 2004; Baer et al., 2005; Joseph & Hall, 2004;
Schoen, 2005) so the overestimation problem could
become relevant. However, MA experiments provide
lower-limit values of U, as many mutations of very
small effect can pass undetected in the laboratory.
Recent genome-wide interspecies comparisons or
analysis of large amounts of the genome have revealed
that deleterious mutation rates can be around 1
(Denver et al., 2004; Halligan & Keightley, 2006),
for which the overestimation implied in assuming
W ax=1 would be small (Deng et al., 2006; Table 1).
However, this presumably large number of mutations
undetected in MA experiments must have exceedingly

low values of s, as it has been deduced that only
mutations with effects smaller than about 0-001 are
undetected in such experiments (Garcia-Dorado et al.,
2004). This may add another caveat to the estimation
method of Deng et al. (2006). Equation (1), based on
the assumption of a balance between selection and
deleterious mutation, may not estimate reliably the
rate of mutations with exceedingly small deleterious
effects. The reason is that the lower the effect of
mutations, the more time is necessary for a large
population to reach MSB equilibrium, and the longer
this time, the more unlikely the mean fitness of the
population is to depend exclusively on the balance
between deleterious mutation and selection, because
favourable mutations cannot then be ignored
(Garcia-Dorado et al., 2004).

The second source of bias discussed (balancing
selection) may imply strong overestimation of U and
Uhs irrespective of the true value of U (Table 2). It
must be noted, however, that the relative contribution
of balancing selection to standing variation is gener-
ally unknown and may depend on the particular
fitness trait and population studied. Thus, although
strict MSB is unlikely to be the only or main source
of genetic variation in most natural populations
(Charlesworth & Hughes, 2000), some analyses sug-
gest that there are populations with genetic variation
for fitness components close to their expectations
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under MSB (see, for example, Kusakabe & Mukai,
1984 ; Rodriguez-Ramilo et al., 2004).

Deng et al. (2006) applied their method to data
from three species of Daphnia, obtaining an average
estimate of the upper limit of U for survivorship of
0-73, and estimates of Uhs for fecundity ranging
between 1% and 8 % (with an average of 3:6%). The
conclusion was that the mutation pressure is very high
in natural populations of Daphnia. The estimates of
U could be in agreement with the large mutation rates
inferred from molecular studies, but the high average
heterozygous effect (Uhs=3-6%) strongly disagrees
with the results from MA experiments. The highest
per generation decline in fitness observed from MA
experiments is of the order of 1% (more often around
0-1%) for homozygotes (Us; see, for example,
Garcia-Dorado et al., 1999) and, assuming partial
recessivity of deleterious mutations (say /&~ 0-2;
Charlesworth & Hughes, 2000; Garcia-Dorado &
Caballero, 2000), the corresponding rate of decline for
heterozygotes (Uhs) should be smaller than 1% (and
even 0-1%). Therefore, the results obtained by Deng
et al. (2006) for Uhs=3-6% in Daphnia seem to be
extremely large in comparison with most previous
estimates, and it is possible that the discussed sources
of bias may be inflating the estimates substantially.
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