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Abstract

We investigate the age and sex distribution of genetic fithess under mutation—selection balance by means of simple
one-locus two-allele models. We find that the extent of age and sex variation in the mutation load is very dependent
on the average effect of new mutations. If the average heterozygote selective effect of new mutations is large,
then age and sex differences may constitute a significant fraction of the total load, and be significant as compared
to standing genetic variation. Whether the mutation load will increase or decrease with age depends on the age-
and sex-specific effects of the new mutations, and on the rate of accumulation of mutations in the germ line as
individuals age. We argue that the load will most likely increase with age in animals with continuous germ-cell
division throughout life, and that this will occur even when mutations have unconditionally deleterious effects.
We show that a male-biased mutation rate is likely to result in both a male-biased mutation load and a load that
increases with male age.

Introduction (Charlesworth, 1990a). Third, due to partial recessitiv-
ity of many mutations, the load may cause inbreeding
As a source of genetic variation, mutation is a fun- depression and be a crucial factor in the evolution of
damental prerequisite for evolutionary change. Still, inbreeding avoidance (Charlesworth, Charlesworth &
the immediate effect of mutation on the organism is Morgan, 1990). Finally, variation due to deleterious
almost always disadvantageous. Every organism car-mutations may be an important factor in the evolution
ries a load of mutations, a reduction of fithess due to of mate choice (Heisler, 1984; Manning, 1985; Char-
segregation of deleterious mutations (Haldane, 1937; lesworth, 1987; Pomiankowski, 1988; Rice, 1988;
Muller, 1950). Estimates of the total genomic muta- Pomiankowski, Iwasa & Nee, 1991; Hansen & Price,
tion rate indicate that the number of new deleterious 1995; Rowe & Houle, 1996).
mutations may average more than one per individual In this paper we investigate the distribution of the
per generation (Crow & Simmons, 1983; Kondrashov, mutation load among the various life-history stages.
1988; Crow, 1993a; Eyre-Walker & Keightley, 1999; Studies of mutation—selection balance have rarely
Lynch et al., 1999). Under mutation—selection balance taken age or sex structure into consideration. Charles-
this translates into a large mutational load which may worth (1990a, 1994) provides some basic results for
have a variety of evolutionary implications. First, the the zygotic load in an age-structured population, but
mutation load may play a crucial role in the evol- does not directly address the question of how the load
ution and maintenance of recombination and sexual may distribute through the life cycle.
reproduction (Kondrashov, 1988). Second, it may be  There are several mechanisms that may produce
important for the evolution of senescence (Rose, 1991; age and sex differences in the mutation load. First,
Partridge & Barton, 1993), and may strongly affectthe mutations do not, as is often assumed, suddenly arise
evolution of reproductive effort in the later parts of life  in the zygote. The majority of mutations seem to occur
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during mitotic cell divisions in the germ line. In many  explicit model assuming that genetic variation in fit-
animals, notably male mammals, the mitotic activ- ness is maintained by a balance between mutation and
ity continues throughout life and new mutations will selection. We assume that mutations have an overall
therefore accumulate in the germ line as the organ- deleterious effect on total fitness, but not necessarily
isms age (Crow, 1993b; Hansen & Price, 1995). This on any age-specific fitness components. In this way
is supported by the increased incidence of genetically we can compute the effects of mutations with a wide
defective children produced by older human fathers variety of different trade-offs and age- and sex-specific
(Haldane, 1947; Parsons, 1964; Modell & Kuliev, expression patterns. We find that the distribution of the
1990; Crow, 1993b). Furthermore, as males produce mutation load can be markedly affected by the exact
more gametes than do females, the sperm germ lineproperties of new mutations. We relate this to data
must go through more cell divisions than the egg germ on mutation rates and mutational effects on fitness.
line. The result is that the male mutation rate may be From this we address two main questions: (1) Can age
much higher than the female rate; an hypothesis that and sex variation in the mutation load be an important
has solid empirical support (e.g. Crow, 1993b; Shim- cause of genetic variation? (2) Does the mutational
min, Chang & Li, 1993; Chang et al., 1994; Ellegren load increase or decrease with age and do males have
& Fridolfson, 1997). If mutation rates are sufficiently a significantly higher mutational load than females?
high, this may produce significant age and sex differ- Finally, we discuss some evolutionary consequences
ences in genetic quality. Second, selection is far from of the results.

uniformly distributed over a life cycle. The effect of a

mutation on fitness decreases sharply with the age of

expression (Hamilton, 1966), and mutations may have Model

a variety of age- and sex-specific effects that make . _ o
their frequency rise or fall during particu|ar parts of Total fitness is a measure of the eXpeCted contribution

the life cycle. of a newly fertilized zygote to future generations. As
Theories of mate-choice evolution have commonly males and females must contribute equally, fithess can

assumed that older individuals are genetically superior be written as

(Trive_rs, 1972; Halliday, 19_78, 1983; Alcock, 19_84; W = %Wf + %Wm, (1)

Manning, 1985, 1989; Heisler et al., 1987; Kirk- h q he f | d mal

patrick, 1987; Cote & Hunte, 1993; Andersson, 1994; w erve and Wm are the emalé and male compon-

Kokko & Lindstram, 1996; Kokko, 1998). This is ents of fltnesg. ConS|de_:r an infinitely large populaﬂop

based on the idea that older individuals have proven of constant size and with a constant age and sex dis-

their genetic fitness through survival. Individuals with tribution. Lgtllx be éher?robablllty thatl afma_llt_a survive
a high load of deleterious mutations are weeded out to agex and letm, be the average male fertllity at age

and only the fittest are able to survive into old age *: Then the appropriate measure of male fitness is the

(Manning, 1985; Kokko & Lindstram, 1996). Hansen life-time reproductive success

and Price (1995) argued th_at thls_ is not necessarily f[rue Wi = / Iom, dr, @)

for a number of reasons including the accumulation

of mutations in the germ line, negative genetic cor- where integration extends over the life span. Female

relations between early and late fitness components,fimess can be expressed similarly in terms of the fe-

and ongoing adaptation in the population. From our male life-history schedule. As results for males and

review of the relevant data, we conjectured that genetic females are symmetric, we shall only show details

quality would often peak relatively early in the repro- for males and treat female fithess as an aggregate

ductive life of an organism. However, this is sensitive parameter.

to the life history, and on the distribution of genetic Consider now a Sing|e autosomal locus with two

variation and covariation in fitness components among alleles A and a, where the deleterious a-allele is kept

age groups. In particular, genetic fitness may improve in the population through a balance between muta-

with age if survival and fertility or their variances are tion and selection. Let the equ“ibrium frequency of

increasing strongly with age. this allele bego among zygotes angl, among males
The Hansen and Price (1995) model was based of agex. To account for fertility selection we also

on quantitative genetics and did not consider genetic defineq/, the frequency of the a-allele among suc-

details. In this paper we extend that analysis to an cessful gametes produced by males of ageThe
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frequency among all gametes produced by males is coefficient,s, and is in this sense the age- and sex-

thengm = [lim.q) dx. Similarly, letgs denote the structured analog of the standard first-order approx-

frequency of the a-allele among gametes contributed imation for an allele in mutation—selection balance

by females such thaj = (g + gm)/2. (Haldane, 1937; Burger & Hofbauer, 1994). From (4),
New mutation from the A-allele to the a-allele ap- the mutation loadL = 1 — W) among zygotes can be

pears in the zygotes with probabilityper allele. This computed as

mutation rate is a composite of mutations accumulat- Lo = 2u ©6)

ing throughout the life of the parents to the zygotes.
Specifically, again obtaining the age- and sex-structured version

of a classical result (Haldane, 1937). The variance in
. Um= /lxmxux dx Q) fitness contributed by this locus is approximateky 2

In Appendix A we also show how the equilibrium
gene frequencies are distributed through the life cycle
of the organism.

Um + us

2
whereun, andus are the male and female mutation
rates andu, is the probability that an A-allele has
mutated in a male of age. We have used the fact

u =

that [ /,m,dx = 1 in a stationary population. We ge = (1— sx)z + uy, (7a)
ignore back mutation. New mutations can affect any S
I|f_e-h!story parameterin mgle; or femal_es in any com- g, =1 -5 — S;)Z +u,, (7b)
bination. The only constraint is that their net effect on
fitness is negative. u

? gm = (1 —sm) 5 + Um, (7¢)
Deleterious non-recessive mutations with small u
effects g = (L—s0)~ +ur. (7d)
Assume that the wild type (AA) has life-history para- From these we can derive the age- and sex-specific

metersl,, m, and W;. In the Aa-heterozygote, these mutation loads as
life-history parameters are changed Adl — s,),
my (1 — s.) and Wi(1 — s1), respectively. Hence is Ly = Lo+ 2suy — 2usx, (82)
the selection coefficient due to male viability selection L' =Ly — 2us, (8b)
until agex, s/, is due to male fertility selection at age
x ands is due to selection in females. We assume that ~ Lm = Lo+ 2sum — 2usm, (8c)
selection against the aa-homozygote is as strong or 1. — 1. 4+ 25us — 2us;. (8d)
stronger than against the heterozygote. In the follow-
ing, we use standard weak-selection approximations  Hence, the difference in load between males of two
to the effect that the’s are sufficiently small for any  differentagesy andy, is
secon_d-o_rderterms to be ignored. We_ also assume that Ly — Ly = 25(uy — uy) — 2u(sy — sy)
mutation is much weaker than selection so that quad- = sty — usyy) ©)
ratic terms of tha:/s-type can be ignored. This is a ¥ yxo
reasonable assumption for typical mutation rates on a Whereu,, = uy — u, is approximately the probability
single locus. of a new mutation having happened betweenaged

In Appendix A we derive equations for the equi- Y, andsyx = sy — s, iS approximately the selection
librium gene frequencies in the different age classes. coefficient against the a-allele during this part of life.
Among zygotes the equilibrium is, as also obtained in In (9), the first term, 2u,, is the increase in total load

Charlesworth (1994, pp. 125-126), due to new mutations that happens from age age
u y, and the second termu2,,, is the amount of load
=" (4) removed by selection in the same interval. To get the
where the age- and sex-weighted selection coefficient difference between the successful gametes produced
is by the two age classes, a terru (s, —s) must be ad-
Sm + St , ded to account for a possible dlfference in the strength
S=—5— Sm= /lxmx(sm +s)dx.  (5) of fertility selection between the two age classes. The

Thus, the equilibrium gene frequency equals the muta- difference in the load between the sexes is

tion rate,u, over the age- and sex-weighted selection Lm— Li = 2s(um — us) + 2u(sf — sm). (10)
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Note that the change in the load over any path in the mutation is always to increase the load during adult-
life cycle is a sum of the decrease in load due to selec- hood (in (9),sy,x <O ands > 0 => L, > L,). The

tion and the increase in the load due to mutation over reason is that selection during this period will increase
that one path. As we are studying an equilibrium, a the frequency of a generally deleterious mutation. In
reproductively weighted sum of these changes must bethis case it does not matter where the mutations arise
zero. Hence, the load will increase along some paths or where the deleterious effects are expressed.

and decrease along others. Where it will increase and  On the other hand, a mutation that has a negative
where it will decrease depend on the relative strengths effect on adult male viability may or may not increase
of selection and rates of mutation along the different the load during adulthood depending on the other para-

paths. meters. If there is no negative effect elsewhere in the
life cycle, it can be shown that the load must decrease.
Unconditionally deleterious viability mutations As an example, consider a mutation that has a positive

Unconditionally deleterious mutations that only affect effect on juvenile survivals, < 0), a negative effect
viability are the most likely candidates for decreasing on adult survivals,, > 0), and no effects on fertility,
the mutation load with age, as they are selected againston females or in males after age Using this in (9),
throughout the life cycle. However, it is not necessar- we see that the load must decrease during adulthood. If
ily true that the load due to such mutations decreasesthere is selection against the mutation also other places
over the entire life span. From (9), the criterion for the in the life cycle, this is no longer necessarily true.
load to decrease from ageio agey iS sy, /s > uy/u, It might be more common for an antagonistic
or in words, the strength of selection during this inter- pleiotropic mutation to have a positive effect late in
val relative to the average strength of selection over life, as early fitness components can be expected to
the entire life cycle must exceed the rate of mutation be more highly adapted making improvements less
in the interval relative to the average rate of mutation likely. In this case, antagonistic pleiotropic variation
over the entire life cycle. If the deleterious allele is will have a tendency to increase the load during the
sex specific so that only males are affected, the cri- later parts of life.
terion for the load to decrease from ag® y becomes
Syx/sm > 2uyy/u, and it is more likely that the load = Mutations affecting fertility
will decrease in males. In this case, the load will ne- The change in the load due to fertility selection at age
cessarily increase among females. If the male mutation x is given in (8b) as-2us/,. The load is reduced more
rate is higher than the female rate, stronger relative among gametes produced by age classes where fertil-
selection is necessary to make the load decrease inity selection is strong. If mutations accumulate with
males. Age-specific mutations that primarily affect ju- age, this means that the strength of fertility selection
venile survival will make the load decrease early in must increase with age to stop the gametic load from
life, but as they are not selected against later, they increasing. Assuming that the mutation has no effect
willincrease the load during adulthood. Mutations that on male viability, the criterion for the load to decrease
are only expressed late in life will accumulate and in- from agex to agey iS5}, —sy > suyx/u, or the strength
crease the load until they are expressed, and thereafterof fertility selection at the older age must exceed the
they will decrease the load as they are selected againststrength of fertility selection at the younger age by an
In conclusion, even unconditionally deleterious amount equal to the fraction of new mutational load
male viability mutations may increase the load dur- that appears from ageto agey.
ing adulthood in males provided they occur throughout In general, we see no particular reason for selection
life. Mutations that are expressed at the juvenile stage against deleterious fertility mutations to be propor-
are most likely to make the load increase during adult- tionally stronger among older individuals. Late in life
hood, while mutations that are expressed only during we may in fact expect the opposite. Mutations with a
adulthood are more likely to reduce the load as they deleterious effect on early reproduction may be more

are selected out. common than mutations with a late effect, as early life-
history parameters are more important for total fithess
Antagonistic pleiotropic mutations and therefore likely to be more highly adapted.

Consider a mutation that has a positive effect on adult ~ Antagonistic pleiotropic mutations that enhance
male viability (s,» <0), but an overall deleterious fertility at a survival cost will increase the load during
effect on total fithesgs > 0). The effect of a such fertility selection. If survival is enhanced at a fertility



cost, the load will tend to increase with age and then
be reduced during fertility selection.

Effects of selection and mutation in females

Any overall deleterious effect of a mutation on female
fitness(ss > 0) will increase the load in males (relative
to the changes we would expeckif= 0).

In mutation—selection balance the sum of the
changes in the load in the two sexes must be zero,

but the load may be reduced among average breeding;

individuals in one sex and elevated in the other. It is
unknown whether there are any systematic differences

between sexes in the strength of selection, but as men-
tioned in the introduction, there are both theoretical |

and empirical reasons to expect that the male muta-
tion rate is higher than the female rate. From this we
would, under mutation—selection balance, expect that

the average breeding male carries an increased load ofS Neutral in females and
mutations as compared to both females and zygotes.

A guantitative assessment of this effect will be given
later.

Deleterious mutations with small recessive effects

Consider recessive mutations where AA and Aa gen-
otypes have life-history parametess m, and Wy,

and the aa-homozygotes have life-history parameters
Iy(1— sx), mx (1 —s,) andWs(1 — s¢). As before we
assume that the selection coefficients are sufficiently
small to allow standard weak-selection approxima-
tions and that the total effect of the mutation is de-
leterious. At equilibrium, the frequency of the a-allele
among zygotes is (Charlesworth, 1994)

\/E
S
wheres = [ [ Iym, (sy+s}) dx+st]/2. Among zygotes
both the load and the variance in fitness contributed by
this locus equals the mutation rate,

The changes in gene frequency through the paths
of the life-cycle are identical to those given in (7) for
a non-recessive gene (shown in Appendix A). From
this it follows that the changes in the mutation load
are exactly the same as for a non-recessive gene ex
cept for multiplication with a factor of/u/s. Unless
selection is extremely weak, this means that the age
and sex differences in the load are going to be orders
of magnitude smaller when the mutation is recessive.
Thus, recessive mutations have little effect on the age-
and sex-distribution of genetic fitness.

q0 = (11)

’
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Deleterious mutations of large effect

A classical result of population genetics is that the
mutation load is independent of the mutational effect
on fitness (Haldane, 1937; Muller, 1950). However,
the changes in the load through the life cycle are pro-
portional to this effect (Equation (8)). This means that
the larger the effect of a mutation, the more import-
ant it becomes in creating age- and sex-based differ-
ences in genetic quality. Given this, it is important to
investigate mutations of large effect.

A lethal mutation that kills before maturity leads to
a subsequentincrease in the load as the mutation accu-
mulates in the germ-line of individuals. If the mutation
is dominant, it is shown in Appendix B that the load
among zygotes is approximatdly = 2u and the load
among males of agewill be L, = u, if the mutation
x = 2u, if the mutation
is also lethal among females. If most mutations oc-
cur in males and accumulate steadily throughout the
males life, the difference between an old and a very
young male will approach the total zygotic load. For a
recessive lethal the zygotic load will ey = u, but
the age and sex differences will be of lower order (see
Appendix B).

Mutations causing complete sterility in one or both
sexes will create the same zygotic and gametic loads
as lethals. If there is no viability selection, the zygotic
load will be carried by all age classes, but the change
in load with age will be solely due to accumulation
of new mutations and therefore the same as for lethal
mutations.

In conclusion both lethal and sterility mutations
lead to an increase in the load with age, and the age
effect may quantitatively approach the total zygotic
load in size.

Effects on total fitness

So far, we have focused on a single locus in mutation—
selection balance. In this section we ask what our
results imply for additive genetic fithess as a whole by
assuming that the total load is a sum of the load on in-
dividual loci with small effects. This ignores important

factors such as epistasis and coupling disequilibrium,
and should therefore be seen as a qualitative first
approximation.

We need some definitions

U= ZZui,
i

(12a)
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Sy = Z 2u;Syi, (12b)
i

Sy =Y 2uis,;. (12c)
i

Zy = Z 2sittyi, (12d)
i

wherei indexes loci and summation is over The
parametetU is the total mutation rate of deleterious
mutations per zygote. The paramefris the total
deleterious effect of new mutations on male viability
to agex, ands;, is the total deleterious effect of new
mutation on male fertility at age. The parameter
Z, is the total deleterious effect of new mutations
that have appeared at agen males. The values of

Using this relationship and estimates ®fwe may
compare the potential for changes in the load to the
standing genetic variation in fithess. In the discussion
we review estimates of the total deleterious effect of
new mutations and conclude that it is reasonable to
expectsS to be on the order of 1-10% of mean fitness.
To make this comparison on the same scale, we should
compare to the standard deviation of fithess, which is
then on the scale of the square root of the total dele-
terious effect of new mutations. If the total deleterious
effect of new mutations is as large as 10% of the mean,
the standard deviation of fitness is about 30% of the
mean, and the age and sex component of variation
may be significant. If the total deleterious effect is 1%,
the standard deviation of fitness is roughly 10% of the
mean and the age and sex variation significantly less

these parameters for the average breeding male argmportant.

Sm = [Limy(Sy + Sy)dx andZm = [ IymyZ, dx.
With similar definitions for females, the total dele-
terious effect of new mutations in the zygoteSis=

Consider the difference between the loads of aver-
age breeding males and females. From (13d) and its
female analog we get

(Sm + S7)/2, and it can be verified that this must be
equal toZ = (Zm + Zf)/2. Summing Equations (8) Lm =Lt =Zm = Zt + St — Sm. (16)
over loci and using (12) yield expressions for the total Assuming, from lack of information, that the total

load mutational effect on male fitnegsy,) is equal to the
Lo=U, (13a) total effect on female fithegss;), we find that the dif-
ference in load is equal to the difference in the average
Ly=U+2Z,-3S, (13b) deleterious effect of new mutations in the two sexes.
, , Estimates of the ratio of male to female mutation rates
Ly=U+t2Z: =S5 =5 (13c) range from 2 to infinity. Some recent estimates that
Lm=U+Zmn— Sm, (13d) are also consistent with what is known about differ-

ences in number of germ-cell division between the
wherelL is to be interpreted as the total load carried sexes are 2 for rodents, 6 for primates and 10 for hu-
by individuals. These equations allow us to discuss mans (Montadon et al., 1992; Shimmin, Chang & Li,
the quantitative aspects of load differences in terms of 1993: Chang et al., 1994). If the male mutation rate
parameters that pertain to the whole organism rather js twice the female rate, a simple computation shows
than individual loci. The age and sex differences in thatz,, — Z; = 25/3. Hence, the difference between
the load are controlled by theandZ parameters. The  average breeding individual of the two sexes is con-
difference in load between males of two age classes  servatively a full two thirds of the average deleterious
andy is effect of new mutations as they appear in a zygote.
Ly—Ly=(Zy— Zy) — (Sy — ), (14) If the male_ mutation rate is much_hlgher than this,
] ] Zm — Zs will approach &. Hence, ifS, is large, a
where Z, — Z, is the deleterious effect of all new  q,,6stion we consider in the discussion, we expect a

mutations that have accumulated in the germ line g psiantially different mutation load in the two sexes.
between age andy andS, —S, is the total effect of all

alleles that have been removed by selection between
agex andy.

Under mutation—selection balance the additive ge-
netic variance in fitness among zygotég;, must
equal the deleterious additive effect of new mutations
(e.g. Price, 1970)

Va =S.

Discussion

Under mutation—selection balance the net force of
mutation must equal the net force of selection when
averaged over the life cycle of an organism. The muta-

(15) tion load must be the same in the average breeding
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Table 1. Qualitative summary of the effect of type of mutation on the change in mutation load with age in reproductively mature males
(based on Equations (9) and (14)). The columns describe different types of mutational effects on male fitness, and the rows indicate where the
mutations occur. ‘Germ line’ means that mutations accumulate in the germ line, ‘male biased’ means that mutations accumulate in the male
germ line only, and ‘in zygote’ means that there is no accumulation of mutations in the germ line after maturation.4A pidgétes that

the load is likely to increase with age, a minus) that the load is likely to decrease with age, a plus-migtisthat either outcome is likely,

and a zero (0) that the effect is likely to be small. More plusses or minuses indicate strength of effect. We are assessing the change in load (in
gametes produced) from young, but reproductively mature, adults to old adults. We assume that the antagonistic pleiotropic mutations have a
net deleterious effect, and that the deleterious part of their effect acts to decrease the load if mutations appear in the zygote, to increase the load
in case of male biased mutations, and is equivocal in case of ordinary germ line mutations. Note that the quantitative effects will be roughly
proportional to the average deleterious effect of new mutations, and may also depend on the life history of the organism

Mutation type Unconditionally deleterious mutation with main effect on Antagonistic pleiotropic mutation with positive effect on
Uniform  Juvenile  Adult Young adult  Old adult  Juvenile  Adult Young adult  Old adult

viability  viability viability fertility fertility viability  viability fertility fertility
Germ line + + — ++ — + 4+ + 44
Male biased  + ++ + +++ + + +++ + +++
In zygote - 0 - + — — + _ +

individual as it was in the zygote. However, the load estimates, and as much as 2-5% of Ribsophila
may rise or fall through any part of the life cycle as zygotes may carry a new lethal mutation (Crow &
the rate of mutation and strength of selection rise and Simmons, 1983; Fry et al., 1999). Second, viabil-
fall. We have shown how this pattern of rise and fall ity is not the only component of total fitness. Third,
is dependent on the exact properties of new mutations.the estimates of effects are done under benign con-
We have argued that most antagonistically pleiotropic ditions. Kondrashov and Houle (1994) have shown
mutations and mutations that affect fertility will have that the deleterious effects of mutations can be elev-
a net tendency to make the load increase with age. Theated in harsh environments. Fourth, the majority of
effect of unconditionally deleterious viability muta- mutations inDrosophilamay be caused by transpos-
tions depends on their age-specific expression patternable elements (Green, 1988) and these mutations may
and on when in life they arise. If mutations accumulate have atypically weak deleterious effects (Keightley,
continuously in the germ line as the individuals age, 1996). In other organisms the transposition rate may
mutations with a deleterious effect on juvenile fithess be smaller (Favor, 1994). Fifth, reanalyses of some of
will tend to elevate the load as the individuals age. If the classical mutation—accumulation experiments with
the rate of mutation is male biased, the load will also different statistical models (Keightley, 1996; Garcia-
be male biased, and the average breeding male will Dorado, 1997) indicate that the average deleterious
have an elevated load as compared to the zygote. Aeffect of new mutations may be much larger than pre-
rough qualitative summary of these results is given in viously assumed, and also include a sizeable fraction
Table 1. of dominant lethals. Correspondingly, the rate of de-
If the changes in the load are compared to the leterious mutation,U, is found to be smaller than
zygotic load on a per locus basis, they may seem previously assumed. A similar result was found in a
rather small. The zygotic load is proportional to the recent mutation—accumulation experiment (Fry et al.,
total mutation rate while the relative age and sex dif- 1999). If true, these new estimates mean that the age
ferences in the load are roughly proportional to the and sex differences in the load will be much higher
total deleterious effect of non-recessive mutations (see relative to the total load, but see Lynch et al. (1999)
Equations (9), (10), (14) and (16). Estimates of the for defense of the classical estimates.
typical heterozygotic effect of a new viability muta- In conclusion, in an organism likérosophila and
tion, excluding lethals and sublethals, are often given presumably in many other organisms as well, it is a
as 1% or a little more (Mukai et al., 1972; Simmons real possibility that new mutations have sufficiently
& Crow, 1977; Lynch et al., 1999). Thus, the changes large effects to produce fitness differences between
in the load are potentially only about 1% of the total life-history stages of at least 1-10% of the total load.
load. However, this value is likely an underestimate. Indeed, the mutation—accumulation experiments are
First, mutations of large effect are excluded from such consistent with a per generation reduction in viab-
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ility on the order of 1-10% or more (Kondrashov, There are three possible resolutions of this discrep-
1988; Crow, 1993a, Charlesworth, 1994; Kondrashov ancy. The first is that the genetic correlations are not
& Houle, 1994; Burt, 1995; Lynch et al., 1999). primarily due to mutation—selection balance. In this
Changes in genetic fitness through life on the order of case the results presented in this paper have little rel-
1-10% of mean fitness thus also seem possible underevance and add nothing to the arguments in Hansen
mutation-selection balance. and Price (1995). The second is that there usually are
Epistasis may influence these considerations. Syn- more antagonistically pleiotropic and specifically late-
ergistic epistasis will reduce the load in a sexual pop- acting mutations than indicated by the Houle et al.
ulation (Kondrashov, 1988; Charlesworth, 1990b), but (1994) experiment. The third possibility is that antag-
it will also accelerate the effects of mutations accumu- onistically pleiotropic mutations are indeed rare, but
lating in the germ line of an individual. If synergistic  have individually large effects on fithess components
epistasis is important, we predict that the relative age thereby producing a significant element of negative
and sex differences in the load will be elevated over the genetic correlations. Such mutations need not have a
predictions from the single-locus model in this paper. large effect on total fitness, as opposed to individual
Our results are relevant for the lek paradox, the fithess components, and may be swamped by the more
guestion of whether there can be enough genetic vari- frequent unconditionally deleterious mutations.
ation in fitness to make mate choice for good genes  If unconditionally deleterious mutations that affect
a viable strategy. The realization that the mutational all ages are the most common, the distribution of the
variance for fitness may be high (Houle, Morikawa load becomes very sensitive to when in life they ap-
& Lynch, 1996 and refs above), and direct estimates pear. If new mutations are evenly distributed through
of high levels of additive genetic variation in fitness life, as may be the case in male mammals, we suggest
components (Houle, 1992) and sexually-selected char-that the load increases with age, and if new muta-
acters (Pomiankowski & Mgller, 1995) have more or tions occur mainly early in life, as may be the case
less settled this question in the affirmative. However, in female mammals, the load may decrease with age.
this does not mean that mate choice based on a surrogA male-biased mutation rate will reinforce this pat-
ate trait, such as age, would be a good strategy (Burt, tern by making the male load increase and the female
1995). Assuming that age can be assessed without er-load decrease from zygote to average breeding age.
ror, it still remains to show that there is significant In terms of mate choice we thus reach the somewhat
age variation in genetic fithess. Our results show that counterintuitive prediction that males should prefer
age variation under mutation—selection balance can, old females while females should prefer young males.
at least potentially, constitute a substantial fraction Why then do females often prefer old mates? The
of the total genetic fithess variation in the popula- simplest explanation is that such preference is not a
tion provided the total deleterious mutation rate is preference for genetic quality (Hansen & Price, 1995).
sufficiently high. Kondrashov (1988) has argued that the sexual re-
In a very comprehensive mutation—accumulation combination of deleterious mutations can overcome
experiment, Houle et al. (1994) found an overwhelm- the two-fold cost of sex if there is substantial syn-
ing pattern of positive correlations between several ergistic epistasis and if the deleterious mutation rate,
life-history traits inDrosophila They looked at male U, is very high. However, a very high mutation rate
and female longevity~ late viability), early and late may also produce a substantial sex difference in the
fecundity, and two measures of overall fitness. Sim- mutation load, thereby introducing an additional cost
mons, Preston and Engels (1980) found a similar pat- of sex. Redfield (1994) has shown through simula-
tern by showing that new mutations with a deleterious tions that this cost may be a very significant problem
effect on viability must also have deleterious effects on in the maintenance of sex, and favor the evolution of
other components of fitness Drosophila Although parthenogenetic females. Our analysis adds to hers by
other studies irDrosophila and other species show quantifying the relationship between the sex difference
a less convincing pattern (Crow & Simmons, 1983; in the load and mutation rates. Assume as an illustra-
Lynch, 1985; Fernandez & Lopez-Fanjul, 1996), it tion that the total deleterious effect of new mutations,
is possible that many new mutations have a generally S, is on the order of 10% of mean fitness. If the male
deleterious effect on the organism. This result seems mutation rate is twice the female rate and the strength
contrary to the negative genetic correlations that are of selection the same in the two sexes, this means that
often found in artificial selection and breeding studies. the male load will be about 6.67% higher than the
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female load (see Equation (16)). Maximally the differ- ness components [D. melanogastefPrice & Hansen,
ence will approach 20%. Clearly, this is a major cost of 1998). We found very little difference between two-
mating for females. The benefits of sex depends on theday old and 14-day old fathers, but 33-34 day old
mutation rate/ (Kondrashov, 1988), while the cost of fathers produced offspring with a performance reduc-
mating depends on the total deleterious eff@cilhis tion of 3—4% in larval viability and son mating ability,
indicates that the benefits of sex are dependent on thebut there was little effect on daughter fecundity. These
average deleterious effects of new mutatiendeing relatively small, inconsistent and late-acting effects
relatively small. These relationships need further in- do not point to a strong age effect, but more data
vestigation. In particular, the strength and pattern of are certainly needed before firm conclusions can be
epistasis are of crucial importance. drawn.

Perhaps a surprising result of our modeling is that
recessive mutations have almost no effect on the dis-
tribution of the load. Age and sex may be unimportant Acknowledgements
as factors in strategies of outbreeding.
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In our previous paper we suggested that negative ge-
netic correlations between early- and late-expressed
fitness components may make genetic fithess decrease

with age. Such correlations are probably due to the Appendix A. Mutations of small effects

segregation of antagonistically pleiotropic alleles, but

the effect these have on the load can vary, dependingAt equilibrium

strongly, for example, on whether the mutations are

advantageous early and disadvantageous later or vice

versa. It is also possible that antagonistically pleio-
tropic mutations play a small role in determining the

1 1
a0 = [ Lamsadx+ S (A1)

To solve this we need to compugé andgs from go.

distribution of the load at the same time as they have a These are changed by selection and mutation occur-

strong effect on the genetic variation in the population.

ring through the appropriate paths of the life cycle.

The above evidence on mutational effects indicate that Viability selection to an age is determined by the

unconditionally deleterious mutations may be more
important for the distribution of the load. Furthermore,

under mutation—selection balance the decrease in the

sensitivity to fithess with age is counteracted by the

increased variation in the trait. Indeed, the Haldane—

Muller principle states that the strength of selection

marginal viability of the a-allele

Hp Ro
Ly(1— Sx)z_ + (1 —dy)—
40 q0

Ro
=1 <1_Sx +dxq_) ~ (1 —sy), (A2)
0

has no effect on the load. It is not clear that an increas- where Hg and Rq are the frequencies of heterozy-
ing variance with age is borne out by data. Hughes gotes and aa-homozygotes, respectively, among the

and Charlesworth (1994) found that the variance in vi-
ability increased with age iD. melanogastebhut the
coefficient of variation did not show a similar increase,
and Promislow et al. (1996) found that the variance in
viability first increased, but then decreased with age.
Hence, it is not obvious which analysis is the most
appropriate.

Finally, the distribution of the age- and sex-specific
genetic fitness is foremost an empirical question for
which there are little direct data. In a small experiment,
we estimated the effect of father's age on several fit-

zygotes, and, is the selection coefficient against the
aa-homozygote. We assume that the cumulative se-
lection coefficient against the aa-homozygote is not
smaller thars. Initially, we have to consider the geno-
type frequencies, as the unequal gene frequencies in
males and females will make the population depart
from Hardy—Weinberg equilibrium. In (A2)Ho/2q0

is the probability that a given a-allele is associated
with a A-allele, andRg/qo the probability that it is
associated with an a-allele. A% = gmgr = ¢2, we

see that the last approximation is of the orded afo.
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The mean viability is approximately (to the order of Appendix B. Lethal mutations
sxqo). Adding mutation we get
Consider first a dominant lethal allele that acts before
¢x = qo(1 = s5x) +ux(1=qo) reproduction and before agen males. As every car-
qo(1 — sx) + ux. (A3a) rier dies, every occurrence of the allele in males must

Note that mutations accumulate independently of se- b& due to new mutation. Hencg, = u.. Using this
lection as they sit in the germ line and cannot affect the IN (A1) and assumings = qo + us yields

phenotype. The gene frequency after fertility selection q0 = 2u. (B1)
can similarly be shown to be

&

If the allele is neutral among females,= 1/2 and

gy ~ (1= sy — 53)q0 + ux, (A3b) the load among zygotes sy ~ 2sqo = 2u. Among
where we have used the approximatidn- s,)(1 — males of ager the load isL, ~ u,. If the mutation is
s') = 1—s, —s.. The gene frequency among gametes &IS0 lethal in females; = 1, g = ur andgo = u, S0
produced by females is thatLo = 2u andLy = 2u. o
For a recessive male-lethal allele the marginal vi-
gt = (1 — sr)qo + ur, (A3c) ability is [, Ho/2g0. Assuming mean viability i, we
with s andus defined in the main text. Using (A3) 96t
in (A1) and solving forgg, we get H + g5 —
(A1) " g forgo, we g qx=7o+ux=qm qu 24mf1f+ux_ (B2)
- A4 . .
=7 (A4) Assuminggs = go + uf, and usingym = 290 — g =

withu = (um—+us)/2 ands = (sm-+st)/2. In deriving go — us in (B2) and (A1), we get
(A4), we used the assumption that,m, dx = 1.
This is a stable equilibrium. Using (A4) in (A3) we can
get expressions for the equilibrium gene frequencies
in the various stages of the life cycle. For example,
the expression for the change in equilibrium gene  And the load isLo ~ sg3 = ¢2/2 = u andL, ~
frequency between two agesandy is Lo+ (uy — 2u)+/u. If the allele is also recessive lethal
in femalesgs = Ho/2 + us and solving the equations

qo =/ 2u + uf ~ ~2u, (B3a)

qx = qo+ux — 2u. (B3b)

u(sxy —sy) + sy — uy)

== s ' (A9) Ho gm + g — 2qmys
_ _ _ gm= —& +um = ——75— +um, (B4a)
The mutation load corresponding to a certain fre- 2 2
quency of the deleterious allele, is computed as Ho gm + gf — 2gmgs
L(g) = 1 — W(q) ~ 2sq. The variance in fitness gt = — tur= % +us, (B4b)

is approximately 2. .
For recessive mutations (parameters defined in the ~ for gm andgs yields

main text) we get ( ”
Um — Uf
gx = qo(1 — qosx) + ux, (A6a) q0 = \/; ~ Ju, (B5a)

4% = qol1 — qolsx + s)] + ux, (A6b) Gx = qo+uy —u, (B5b)
gt = (1 — qost)qo + us. (A6c) gt = qo + uf — u. (B5¢)
Using this in (A1) we obtaigg = /u/s, and, by com- In this caselLg ~ qg ~uyandL, ~ Lo+ 2(u, —

bining this with (A6), we can show that the changes u)./u.

in gene frequency through the paths of the life-cycle

graph are identical to those given in (A3) for a non-

recessive gene except that #hés are now interpreted  References

as the deleterious effect of the aa-homozygote. For

a recessive gene, the mutation load is Computed asAlcock, J., 1984. Animal Behaviour: An Evolutionary Approach,
1 ~ 2 : - 3rd ed. Sinauer Assoc. Sunderland, Massachusetts.

.L(q) - g' Wig) ~ sq°. The variance in fitness Andersson, M., 1994. Sexual Selection. Princeton Univ. Press,

is alsosg“. Princeton.
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