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ABSTRACT. A short-term advantage in terms of population dynamics
arising from the presence of a rare gene deleterious to the
individual, and hence detrimental to his family, is modelled. The
advantage depends on the reduction 1in variance through time in
mean fitness of a population. This can result in a higher long-
term growth rate in a fluctuating environment compared to that
for a population free of the deleterious gene. Although recurrent
mutation is necessary to maintain such a gene in the population,
this advantage persists if mutation rates are sufficiently low.
The effect can be relatively strong where females are XX and
males XY when a rare lethal gene is borne on the X chromosome.
* *x *

In a recent article on mutation, mean fitness and genetic
load, Crow1 reiterates the point that the great majority of
mutations, except those very close to neutrality, are deleterious
in the great majority of environments they will encounter. This
raises the question, how does a natural population tolerate a
high mutation rate?

In human populations the ubiquity of deleterious genes with
lethal effect has been demonstrated by studies of the offspring
of cousin marriagesLSA. Techniques of detecting and partitioning
the genetic load caused by inbreeding showed2 that outwardly
normal individuals carry a genetic load equivalent to that of
approximately one to eight lethal genes which, if homogygous,
would result in traits leading to early death.

The reason for the high frequency of these deleterious genes
is not vet fully agreed on, although there is 1little gquestion
that they all arise originally through mutations. Dobzhansky‘"7
was of the opinion that such genes may offer considerable
advantage to their heterozygous carriers by producing some sort
of hybrid vigour. According to this theory, a gene can be
maintained in the population even though it gives rise to
segregation load. Conversely, Mu.lle.ra’9 believed such genes
produced no advantage of any kind, and that their frequency 1is
now high because Lhe usual efiect of natural selection has been
artificially reduced in modern society. Muller’'s theory predicts
an increase in the mutationa! load of deleterious genes in accord
with their mutation rate, unless they are selected against.

Is this genetic load just the price that has to be paid for
the ability to respond to change or is there perhaps a reason for

* * *
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the recurrent mutation at certain genetic loci? It is thought by
some (see ref. 10) that there may be no such thing as random or

undirected mutation, mutations only being generated if and when
needed. The argument below will be confined to mutation load.
Assume a newly mutated recessive gene, d, appears 1in a

diploid carrier, Dd, that must mate in a wild-type population.
This population if fairly constant in size has a longterm

geometric mean fitness, LGMF, of one, each mating between two
individuals producing on average two surviving offspring to
compensate for the eventual loss of the parents. Of course some
matings are less and some are more fruitful, and there is a range
in family size from zero to many. A family with many offspring
has a higher probability of preserving the newly mutated gene
than a family with few offspring . The chance, ¢, of losing the

mutant gene d in the filial generation in a mating between the
mutant carrier, Dd, and a wild-type, DD, depends on fitness, ¥,
in terms of surviving offspring:

. 1
C-? (1)
If no offspring are produced or survive the mutant gene d will be
lost, if there is one surviving offspring the probability of d
being lost is 1/2, if two the probability is 1/4, and so on.

The same probability of losing the mutant gene applies when
it is the dominant allele, D, and the wild-type is dd.

If the newly mutated gene were deleterious, the equation (1)
dependent on family size would apply to the chance of offspring
not inheriting the gene in a mating between a carrier, Dd, and a
wild-type, assuming in the dominant case the gene was sub-lethal.

Fisher11 has shown that after n generations the probability
of a single neutral gene surviving, in the Wright-Fisher model,
is only about 2/n where n is large.

The probability of a deleterious gene surviving would be even
lower, since affected individuals are less likely to breed. The
turnover rate of the deleterious gene at the D locus in the popu-
lation under recurrent mutation would be rapid and the gene rare.

Consider now a large diploid population diallelic at each of

two loci, the D locus with the rare deleterious gene requiring
recurrent mutation for its maintenance in the population, and the
A locus coding for general viability, not requiring recurrent
mutation under fluctuating selection in a two-state environment,
since the polymorphism is protected. Individuals from families
that are the fittest in terms of surviving offspring will tend to
possess the currently fitter allele at the A locus. Since the

turnover rate of the rare deleterious gene at the U locus would
be fast, carriers being mostly from large families would likewise
tend to possess the currently fitter allele at the A locus.
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At the A locus, each allele will tend to increase in
frequency in the environment favouring it. This can cause
fluctuations in population size. It has been foundlz’13 that
reduction in variance through time in mean fitness can lead to a
higher LGMF of a population. If a proportion of individuals
bearing the currently fitter allele at the A locus did not breed,
the polymorphism could be buffered. A role for the rare
deleterious gene at the D locus might lie here, since affected
individuals might not survive to breed and would tend to possess
the currently fitter A locus allele.

A diallelic locus such as the A locus affecting gencral
viability has been modelled“’15 (and see Models below). 1t was
shown that where the fitness of a male in terms of offspring
depended on the reproductive success of his mate there was addi-
tive variance in fitness in a two-state environment under fluctu-
ating selection, the resulting polymorphism being protected.
Indications were that the population fluctuated less 1in size
when males from small families were more successful in attaining
mates, and that this lower variance through time in mean fitness
usually raised the LGMF “. With birds males from small clutches
tend to be bigger in sizel and more competitive than males from
large clutches. Male competition is demonstrated in many ground
lekking species, smaller males being pushed to the edge of the
lek where they are prone to predation. A similar buffering effect
could be provided in the absence of male competition by the D
locus for the rare deleterious gene if affected individuals
tended to be from large families, since few survive to breed.

The effect of a rare deleterious gene on population fitness
when carried on the X chromosome and on an autosomal chromosome
was modelled using computer simulations written in Turbo Pascal.

The Models

In the models males are assumed to contribute only genes to
the next generation. Mating is random, and there is no kin
selection, sib competition or male competition.

The population is assumed to be large. Generations are non-
overlapping and discrete.

The two diallelic loci show complete dominance, there being
no overdominance or partial dominance. The A locus determining
general viability has a protected polymorphism under fluctuating
selection in a two-state environment, while the D locus requires
recurrent mutation to maintain the rare deleterious gene,

At the ¢general viability locus the dominant genotype A-
confers a fitness (q’ in the equations below) up to the time of
mating on both males and females of b in environment one and }:)‘1
in environment two, while the recessive genotype aa confers a
fitness (q ) of b'lin environment one and b in environment two.
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After mating the viability locus continues to affect reproductive
success through its action on the female, 8- conferring a fitness
(fd in the equations below) of f in environment one and f-l in
environment two, aa a fitness (fr) of fqin environment one and f
in environment two. Action of the viability locus on the male has
no effect on his reproductive success after the time of mating.

To simplify the argument and highlight the maternal effect it
is assumed that genes at the viability, A, locus have no effect
on the young before independence or before mating, i.e. b = 1.
For each population tra,jectory, the value of f giving a LGMF = 1
is first computed using the simulation below without mutation at
the D locus, i.e, in the absence o¢f the deleterious gene.
Initial allele frequencies at the A locus are not important since
the polymorphism is protected“.

At the deleterious gene locus, mutation of the wild type gene
to its deleterious allele is assumed to take place continuously.
The reverse mutation is ignored since it wusually occurs at a
lower rate and because the frequency of the deleterious allele is

so low. To simplify the equations presented below it is assumed
that mutation only occurs in the wild genotype, either DD or dd,
not in a carrier, Dd, and since the chance of two mutations

occurring together 1is so small this possibility is ignored.
These assumptions are reasonable at the low mutation rates used
and do not affect the outcome. A constant mutation rate, u, is
used throughout each computer run of a population trajectory.

The chance of the mutant gene not being passed on by a male
or female carrier Dd to offspring is determined as in equations:

1/ 2% (2a)
1/ 2% (2b)

C4 being the chance the mutant gene at the D locus will be lost
if an A- female is the mother, and c, the cb?nce if an aa female
is the mother. Where maternal fitness is f it is assumed that
only one young survives in the occasional successful case, the
probability of losing the mutant gene thus being 0.5.

Population trajectories are computed over cycles of n
generations until allele frequencies settle into a repeating

sequence, usually in fewer than 200 generations. The conditions

Ca
CI'

cycle through 0.5n generations in environment one, in which a

female genotype sces a fitness of f at the general viability, A,
1

locus if the environment is favourable, or f ° if unfavourable,
and 0.5n generations in environment two, in which the female
genotype experiences the alternate environment. The number of

generations in each environment 1is considered identical to
facilitate comparisons, but this is not a regquisite. Selection,
s, against the deleterious gene at the D locus is the same in
both environments,
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Deleterious Gene Locus on an Autosomal Chromosome

The effect of the D locus with the deleterious gene recessive
or dominant, when linked to the A locus, is investigated. Males
equal females in frequency throughout population trajectories.

Deleterious gene recessive

The frequency of AD = % s, Ad = q, ab = 62 and ad = Q§ and Goo
represents the frequency of the diploid ADAD, qn of ADAd, etc.
Genotype frequencies are in Hardy-Weinberg ratios at the start of
each generation, the sum, 8, across frequencies being unity.

Genotypes surviving to breed are:

G,;o = byGy, G{Z = b6y,

Gy = bGo1 Gy = (1-8)bGy,

Gy = byGy, Gy = b,G,,

GS; = b Gy, '32/3 = b,G,,

Gly = (1-8)bG,, Gy = (1-s)bG,, (3)
in Fig. 1, b = 1, and selection against the genotype dd is total,
s = 1, the recessive gene d being lethal in both environments.

These frequencies now are not Hardy-Weinberg ratios, 8 < 1:

S’=GSO+G31+G$3+653+G{1+G{3+G{3+G§3+GA’3+G;3 {4)

Female gamete fregquencies are:

Goeg = [{1-ull-cp)) (2Gi+Gly) + (1+Cy) (G +(1-1)Ga+1GLa)] / 2

Gy = [(1-cy (Gy*+ (1-1) G, +2Goy +u(2Ghg+Gr) ) + 2Gly + Gy 1 / 2

Goeg = [(1-ull-cy)) Gy + (1+c,) ((1-1)Gl,+2Gyy) 1/2

Gyeg = [{1-Cg) ((1-1) Goy+1Gla+uGly) + Gy 1/2

Gy = [(1-ull-c,))2G,; + (1+c,) Gl 1/2

Gy = [(1-c)) (Gy+u2G),) + 2@&, 1 /2 (5)
the subscripts fd and fr label gametes from A- and aa females
respectively. Recombination, ry {0 indicating no crossing-over
to 0.5) and mutation, v, are included. The chance of the mutant
gene d surviving is 1 - ¢, the ¢ values used depending on the
environment. These frequencies are not Hardy-Weinberg ratios.

Male gamete proportions are:

Gopg = L[{1-ull-cy)) (2Gi*Gsy) + (1+cy) (Goy+(1-7)Goy+IGly)] / 28
Gag = [(1-Cy) (Goy*(1-1) G111 Gl +u(2Ghe+Gra) ) + 263, + Gy ] / 28
Gomg = [(1'"(1"%”(532*26;2) + (1‘*%)“1"1')6{2*1'933*(43)] / 28
Gypg = [(1-cp) ((1-1) Géa*'IG{z"'Ggs*u(Géa*zdz)) + Gia * 263,3 1/ 2¢ (6)
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the subscript m labels male gametes. The chance of male mutant
carriers Dd passing on the gene d depends on the female they mate
with, e.g. Gud contains the chance of male gamete Ad being passed
on if mating is with an A- female, q.r if mating is with an aa
female; 60", Gllr , etc. being calculated as in (6) by replacing
=¥ with c, . In the union of gametes equation (7) below the male
gamete frequency Gud is used if fusion is with a Gfd type female
gamete and an if fusion is with a Gfr type gamete. Although
some males have not survived to breed, female reproductive
success is not affected, and Hardy-Weinberg ratios are used.

Next comes the random union of gametes, the surviving zygotes

depending on maternal fitness after mating:

0 = £4(Gypg X Gons)

oy = £4(Gopg X Grag) *+ £4(Gypy X Gogg)

2 = Lq(Gpg X Grg) + £4(Gpq X Gopg) + £,(Gypy X Grpy)

3 = £4(Gypq X Gogg) * £4(Gypq X Gopg) + £;(Gypy X Gopr)

Y = £4(Gipq X Giad)

2 = £4(Gpy X Gppp) + £4(Gypy X Grpy) + £,(Gyppy X Gppy)

v = L4(Gipy X Gypp) *+ £4(Gypy X Grpp) + £,(Gygy X Grypy)

2 = L4(Gypy X Gopg) + £{Gypr X Gopp)

3 = £4(Gpa X Giag) + £4(Gipq X Goa) * £,(Gpr X Giy) * £.{Goe X Gor)

s £4(Gyzg X Gyap) + £;(Gyyy X Gy (7)

fd and fr being the fitness of A- and aa females respectively
after mating, f values used depend on the environment.
The size of the new generation, 8", is calculated:

S = Gyt Gyt GGy v Gt G GG+ G ¢ Gl (8)

Before starting selection on the new generation at equation
(3), genotype frequencies are restored to Hardy-Weinberg ratios:

= / - ]
GOO - 4’0 / sll G12 = ﬁlz / sl/
Gy = G/ S Gy = G/ 8"
/] = / i
Gy = G‘,z/'g” Gy = G;lz / 8
Gy = G / 8 Gy = G/ 8
/4 /!
Gy = 6y /8 Gy = G/ 8 (9)
This recursion is repeated for 0.5n generations in each
environment using appropriate ¢ and f values. At the end of the
first generation 8" = Sl,“at the end of the second, S = Sz, etc.

At the end of the n generation cycle the LGMF is assessed:

LaMF = 5.5, . 5, ... 5, (10)
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The presence of the lethal gene under cycling conditions can
raise the LGMF of the population by lowering the variance through
time in mean fitness if there 1is linkage with the viability
locus. In Fig. 1 the rate of mutation of D to d is 1! x 10'5.
The optimal rate of recombination when environments alternate is

0.2, and the optimal mutation rate around 1 x 10'6, lower rates
are also favourable but higher rates lower the LGMF. With longer
environmental periods tighter linkage is favourable, and the

optimal rate of mutation can be higher, up to 1 x 10 -4 with
cycles over 10 generations in length.

1’00005 " % ] % W L n L] L)
X
X

L. 1.00004 v x = x~over 0.01 v

.0 = x-over 0.5 x X
G. 1.00003 rressea '"“m]
M. 1.00002 rm o
F. 1.00001 o x -

x
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0 2 4 6 8 10 20 30 40 50 60

Environmental Cycle Length

FIG. 1. The LGMF of the population when the deleterious locus is
on an autosomal chromosome and the gene is recessive and lethal,
s = 1. Environmental cycle length is in generations. Mutation
is constant, u =1 x 10 ﬁ. In the absence of the lethal gene the
LGMF = 1. Free recombination slightly lowers the LGMF below 1.

Although the rise in LGMF appears small in Fig. 1, around
2 x 10.6, it is relatively large when compared to the frequency
of the 1lethal recessive dd in the population, around 1 x 10'7.
A mutation rate of 1 x 164 allows a LGMF > 1.0001 for cycles
longer than 10 generations.

Under stochastic conditions only tight linkage with low
mutation rates produces higher mean LGMF results than those for a
lethal free population. To study stochastic effects a population
with mutation for the deleterious gene d and a population without
mutation for the deleterious gene d are run in parallel, without
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interbreeding, and their respective LGMFs computed.

Higher LGMF values can be obtained if the deleterious gene d
is assumed to be sub-lethal. As with mutation rates, this wvalue
cannot be too high or the deleterious gene will become common,
and the chance factor not apply.

Deleterious gene dominant

Starting with Hardy-Weinberg ratios, S = 1 across genotype
frequencies, genotypes surviving to breed are:

G(/m = (1-8) bdGOO G]/J = (1_8) bﬁlﬁ
Gy = (1-8)bgGy G = byGiy
&a = (1-8)bGy Gy = (1-9)b,G,
G{)g = (1_8) bdG03 G;l = (1—8) bzGQ3
Glll = b6y, da = b G, (11)
1 . 0000 5 i i s i ] b " B K kS
X X
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FIG. 2. The LGMF of the population when the deleterious gene is

dominant and sub-lethal, s = 0.001. Mutation is constant,
u =1x 10'5. In the absence of the deleterious gene the
LGMF = 1. Free recombination slightly lowers the LGMF below 1.

Selection against the rare dominant genotype D- has to be low for
the LGMF to be raised, and s = 0.001 is used in Fig. 2, the gene
being sub-lethal in both environments.
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Female gamete frequencies are:

Goga = [2Gh + (1-c) (G *+(1-1) Go3+rGl+ul26Gl,+6l;)) + Gy 1 / 2
Gieg = [(14¢y) (Gy+1Gla+(1-7)Gly) + (1-ull-cy)) (26,+GL)] / 2
Gyg = [Ga + (1-cp) (2Gpy+(1-1) Gl+uGly) 1/2
Gy = L{1+cy) ({1-1)G+IGl) + (1-ull-c,)) G 1/2
Gy = [2G} + (1-c,) (Gls+u2@,) 1/ 2
Gy = [(1+c) Gy + (1-u(l-c,)) 26, 1/2 (12)

these frequencies are not Hardy-Weinberg ratios, S°< 1 (4).
Male gamete proportions are:

[2Goo + (1-c,) (Gou* (1-X) Gy X6l +U(26],+Gry)) + Goa 1 / 28
[(1+Cg) (G+IGhy+(1-1) Gl3) + (1-ull-cy)) (2G,+Gly)] / 28’
[Gsa + (1-Cy) (1Goy+ (1-7) Gl +u(Gly+2Ghy) +Gy3) + 2G; 1 / 28
[(L+cy) ((1-I) Gi3+2GL+Ghy) + (L-ull-cy)) (G]y+2G,)] / 28 (13)

Gomd
Gl
Gyt
Gymg

Hardy-Weinberg ratios are used, S’ being obtained from (4).
Gln’ etc. are obtained by replacing € 4 with c, in (13).
Offspring are calculated from (7), and S$" from (8).
The LGMF is assessed at the end of the cycle using (10).
Results (Fig. 2) are very similar to the recessive case.
Linkage of the viability locus and the deleterious gene locus is
again necessary to obtain a rise in the LGMF. The optimal rate
of mutation of d to D can be high if selection, s, is low.

Lower rates of selection, s < 0.001, also allow the LGMF to
be raised, but higher rates do not always do so.

On an autosomal chromosome a deleterious gene, D or d, at a
locus linked to a viability locus, may thus raise the LGMF of a
population, even though detrimental at the level of the family.

Go:r ’

Deleterious Gene Locus on the X Chromosome

The rare deleterious gene at the D locus is assumed to be
recessive and carried on the X chromosome only. First the A
locus is considered to be carried on an autosomal chromosome,
then on the X chromosome only. Although males equal females in
frequency before selection, they do not do so after selection.
It is assumed that this has no effect on female reproductive
success, males being polygynous and all females mating.

Viability locus on an autosomal chromosome

Starting with Hardy-Weinberg ratios, § = 1, female genotypes
XX surviving to breed are calculated from equation (3). Selection
against the recessive genotype dd is total, s = 1 for Fig. 3, the

gene being lethal in environment one and two.
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Male genotypes XY surviving to breed are assessed, qo = A

and (5"/2 = a, the frequency of AD/A = GON’ AD/a = GWZ’ Ad/A = qN’
GUZ = Ad/a, etc.:

C"'t;/o = byGy/q G:IO = bGiso

G = byGo/a G = b,G;3

d/o = (1-8)bG,q G;/o = (1-8)bsGy,

Gljz = (1-8)byGy, . G = (1-8)bGy, (14)
Selection is total, s = 1. Selection, being against the male

genotype d, is relatively more intense than in the female.
Male genotype frequencies total:

Sh = Gy * G + Gljo * Glia*+ G+ Gy * Giyg + Gy (15)

Female gamete frequencies are calculated from (5). These
frequencies are not Hardy-Weinberg ratios, since dd females have
not survived to breed. Segregation 1is involved here, not
recombination, and the value used for r is 0.5.

Male gamete proportions are:

Gomg = [(1-ull-cy)) (Gljo*(1-1) Gi/2+2Gyypo) 1/ 28
Guug = [Glpo + ull-Cy) (Gpo*(1-) Goya+2Glse) + (1-1)Gl) + 1Giyo) / 28,
Gy = [{(1-ull-cy)) ((1-1) Glg+Gl/a+XGh/s) 1/ 28,

Gt = [(1-1)Glg + ull-cy) ((1-I) Giye*+IG/*Gipd) + Gipa + 1Gis) / 25,  (16a)

Grow = [Gijo * {1-1)Gly + IGyy3 + Gljo + (1-I)Glyg + 1Giy] / 2854
Gia = L(1-1)G})3 + Gljz + 1Gg + (1-D)Gipy + IGiyg + Giy3) / 285 (16b)

G”r etc. are calculated by replacing q’with c, in (16a). Male X
(16a) and Y (16b) gametes are in Hardy-Weinberg ratios, r = 0.5.
Female offspring are calculated from (7).
Male offspring are:

Gpo = £4(Goey X G/oa)

Gija = £4(Gopq X Gpp)

G = £4(Gypy X Gpgy)

/2 = £4(Gyey X Gprp)

,/o = L4(Gyey X Gyou) + £(Gype X Gpop)

f2 = E4(Gopy X Gppp) + £1(Gypy X Gppp)

/0 = £4(Gypg X Gpoy) + £:(Gygr X Gy

£4(Gyeg X Gppy) * LGy X Gpyp) (17)
8" is calculated from female (8) or male offspring totals,

which are identical. The LGMF is assessed at the cycle end (10).

The presence of the rare deleterious gene d raises the LGMF
of a population by lowering the variance through time in mean

S
~n
n
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fitness 1if cycles are longer than two generations (Fig. 3).
Under stochastic conditions higher mean LGMF values are obtained
than for a lethal free population. Higher LGMF values can be
obtained if the deleterious gene is assumed to be sub-lethal.

1‘00010 i L] L 4 i) 1 4 L) L)
L. 1.00008 ju °©
o
G. 1.00006 [ - ° -
o
M. 1.00004 o ammn
o
F. 1.00002 o e
o
o o
1,00000 o
0.99998 # 1] i | # # [} i
0 2 4 6 8 10 20 30 40 50 60
Environmental Cycle Length
FIG. 3. The LGMF of the population when the viability locus is
on an autosomal chromosome and the deleterious locus is on the X
chromosome, the gene is recessive and lethal, s = 1. Segregation,

not recombination, is involved. The rate of mutation is constant,
u =1x 10'4. In the absence of the lethal gene the LGMF = 1.

Viability locus on the X chromosome

Starting with Hardy-Weinberg ratios, 8 = 1, female genotypes
XX surviving to breed are calculated from equation (3); selection

against the recessive genotype dd is total, s = 1 for Fig. 4, the
gene being lethal in both environment one and two.
Male genotypes XY surviving to breed are calculated, the

frequency of AD/Y = GWY’
Y being the Y chromosome:

Gg/v = bdGo/r

AdSY = Gl/Y , ab/Y = GZ/Y and ad/Y = GS/Y’

Glyy = (1-8)bGyy
C%'/r = b.Gyy
Gy = (1-9)bGyy (18)
Selection is total, s = 1. Selection is relatively more intense

than in the female, being against the male genotype d.
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Male genotype frequencies total:

SL = Gé/r + Gi/r + Gg/r + G;/r {19)

Female gamete frequencies are calculated from (5). These
frequencies are not Hardy-Weinberg ratios, 8°< 1, since dd
females have not survived to reproduce.

Male gamete proportions are:

Gpa = L(1-u(l-c))Gy 1/ 25,
= [Gllly"' U(l—cd)Q/Y] /23‘
[(1-ull-cp))Gyy 1 / 28,

Gw
Comg
Gy
GY

= [@&)y+ull-c)Gy) / 28, (20a)
= [Gor + Gy + Giyy + Giyy) / 28, (20b)
Go.r etc. are calculated by replacing quith c, in (20a). Male X

{20a) and Y (20b) gamete proportions are Hardy-Weinberg ratios.
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FIG. 4. The LGMF of the population when the viability locus and

the deleterious locus are both on the X chromosome, the gene is
recessive and lethal, s = 1. The rate of mutation is constant,
u=1x 10'4. In the absence of the lethal gene the LGMF = 1.

Female offspring are calculated from (7).
Male offspring are:
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Gé;/o = £4(Gyzq X Gy)
s = L4(Gipy X Gy)
//o = £4(Gpg X Gy) + £(Ggg, X Gy

Gf/o = £4(Gygq X Gy) + £,(Gyyy X Gy) (21)

S" is calculated from female (8) or male offspring tolals,
which are identical. The LGMF is computed at the cycle end (10).

The advantage is relatively strong (Fig. 4) where the
deleterious gene locus is linked to the viability locus. Linkage
always raises the LGMF above 1, and free recombinaltion also does
if cycle length is longer than two generations. Under stochastic
conditions the population with the lethal gene d does better on
average than the lethal free population. Higher LGMF values can
be obtained if the deleterious effect is sub-lethal.

Where the deleterious locus 1is carried on the X chromosome,
two effects can act at the same time to raise the LGMF of the
population; the deleterious gene can interact with all viability
genes carried on autosomal chromosomes, and it can interact with
any viability gene that might be carried on the X chromosome,
the optimal rate of mutation being 1 x 1d4 in both cases.

Conclusion

The results indicate that a rare lethal or sub-lethal gene,
even though always detrimental to the immediate family of an
affected individual, can lower the variance through time in mean
fitness of the population as a whole, leading to a higher LGMF.
This buffering effect is particularly advantageous in terms of
population dynamics when environmental cycles are long. The rare
deleterious gene at the D locus tends to become associated with
the currently fittest allele at the general viability, A, locus.
Fitter families tend to be larger and are more likely to have the
currently fittest A locus allele, but they also have a greater
chance of passing on a rare mutant gene to their offspring. This
damps down oscillations in gene frequencies, the A locus allele
being lost along with the deleterious gene at the D locus.

Although the effect of a single deleterious gene Jlocus
appears slight, the effect of all such loci considered together
might not be negligible, and could account for the persistence of
such mutations. At present the total deleterious mutation rate
remains unknown in any animal except Drosophila, and represents
a major gap in the understanding of population geneticg

The possibility that deleterious genes may possess superior
fitness in heterozygous conditions would not apply to the present
findings. The advantage found depends on the probability of a
rare deleterious gene being lost each generation. For this chance
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factor to act over generations, continuous mutation is necessary.
Of interest, the optimal mutation rates in the models are in
accordance with those considered optimum for species survival”.

Investigations of induced mutation led Wa.llac:e”’18 and later
Mukai”’20 to propose that there is an optimum level of
heterozygosity in a population. They found induced heterogygosity
conferred a beneficial effect in highly homozygous populations,
but a detrimental effect in populations with heterozygosity above
a certain level (a level much lower than that found in most
natural populations). Wallace considered overdominance of genes
with mild effect to be responsible. Whether the present findings
have any bearing on the Wallace-Mukai phenomenon, if real (for an
overview see Crow ), remains to be determined. 1If they do, the
models indicate that overdominance 1is not necessarily involved,
and that lethal genes can play a similar role to deleterious
genes with a mild effect.

The frequency of lethals in natural populations was noticed
by Sturtevant (in ref. 21) to be lower than would be expected
from known mutation rates with complete recessivity, suggesting
partial dominancé . The mean persistence of lethals is estimated
to be around 40 to 67 generationslﬂz. In the present models
mutant genes are rapidly lost, in 40 to 80 generations depending
on environmental cycle length, due to the chance factor involved
in heterozygous carriers passing on the gene. Whether the mutant
gene 1is recessive with a large effect or dominant with a mild
effect makes little difference to the rate of loss. The models
indicate that partial dominance is not necessarily involved, and
this could account for the observation1 that sub-lethals and
lethals are lost from populations at similar rates.

With the Wallace~Mukai optimum heterozygosity theory in mind,
it is a moot point as to whether the models would work so well in
a multigenic heterozygous background (unless the detrimental
effects found in such a background17 were due to too high a level
of induced mutation, in which case the chance factor could not
act). Also, if the above findings were relevant to population
dynamics, sub-lethal and lethal genes might be expected to be
more common. There could be a more efficient buffering system.

One candidate for a more efficient system would be male
homosexuality if genetically determined, since reproductivity
would not be affected by the loss of females from the population,
nor parental investment wasted by the loss of offspring from the
family. Recent studies have suggested there might be a genetic
component in human homosexuality. In particular Hamer et al23
have identified a correlation between male sexual orientation and
the inheritance of polymorphic markers on the X chromosome.

Preliminary investigations of the population dynamics of
dominant and recessive autosomal genes and an X linked gene for
male homosexuality give supportive results in each case, The
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models presented above are relevant, but optimum mutation rates
can be higher if females do not express the gene, and thus the
LGMF greatly increased. Linkage is not always necessary in the
autosomal case. The lower the proportion of homosexuals
breeding, the greater the LGMF of the population. This is so
even when homosexual males contribute in no direct way to the
population’s fitness. When they do contribute, especially if to
the fitness of relatives, the LGMF is further greatly increased.

ACKNOWLEDGEMENTS

I thank E.M. Backett for encouragement, R. Cook and B.J.
Cooper for comments on drafts of the manuscript, and W.J. Ewens,
S. Orzak, T. Prout and two anonymous referees for helpful
criticism of earlier versions of the paper.

LITERATURE CITED

1, Crow, J.F, 1993. Ox. Surv. Evol. Biol. 9 : 3-42.

2. Morton, N.E., Crow, J.F. & Muller, H.J. 1956. Proc. Nat.
Acad. Sci. 42 : 855-863.

3. Schull, WwW.J. 1958. Am. J. Hum. Genet. 10 : 294.

4. Cook, R. & Hanslip, A. 1966. J. Trop. Ped. 11 : 95-99,.

5. Strickberger, M.W. 1985. Genetics (Collier Macmillan Canada
Incorporated).

6. Dobzhansky, Th. & Pavlovsky, O. 1953. Evolution 7 : 198-210.

7. Dobzhansky, Th. & Pavlovsky, O. 1957. Evolution 11 : 311-319.

8. Muller, H.J. 1949. Am. J. Hum. Genet. 1 : 1-18.

9. Muller, H.J. 1950. Am. J. Hum. Genet. 2 : 111-176.

10. Endler, J.A. 1986. Ox. Surv. Evol. Biol. 3 : 224-243.

11. Fisher, R.A. 1930. The Genetical Theory of Natural Selection
(Clarendon, Oxford; reprinted 1958, Dover, New York).

12. Gillespie, J.H. 1974, Genetics 176 : 601-606.

13. Stearns, S.C. 1986. in Patterns and Processes in the History
of Life. (eds. D.M. Raup & D. Jablonski. Springer Verlag,
Berlin.)

14. Cook, M. 1992. Evol. Theory 10 : 129-143.

15. Cook, M. Evol. Theory, in press.

16. Perrins, C.M. 1965. J. anim. Ecol. 34 : 601-647.

17. Wallace, B. 1959. Proc. Intern. Cong. Genet. 1 : 408-419,

18. Wallace, B. 1963. Genetics 48 : 633-651.

19. Mukai, T., Yoshikawa, I., & Sano, K. 1966. Genetics 53 :
513-5217.

20. Mukai, T. 1969. Genetics 61 : 479-495.

21. Dobzhansky, Th. & Wright, S. 1941. Genetics 26 : 23-51.

22. Crow, J.F., & Temin, R. 1964. Am. Nat. 98 : 21-33.

23. Hamer, D.H., Hu, S., Magnuson, V.L., Hu, N. & Pattatucci,
A.M.L. 1993. Science 261 : 321-32T7.






