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Dynamics of a Multilocus Trait
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A detailed theoretical study of the dynamical behaviour of a quantitative trait under stabilizing selection is given for
an effectively infinite sexual population. The trait is controlled by a finite number of loci and the exact equation
obeyed by the distribution of allelic effects in gametes is derived and investigated. Results are derived for the effects
of selection over one generation when the population is initially in linkage equilibrium, allelic effects are normally
distributed, but the strength of selection is arbitrary. When weak stabilizing selection is operative, a more general
analysis is presented. This includes explicitly identifying the linkage disequilibrium generating aspect of selection.
In addition, the way quantities may be obtained from summing over effective one-locus haploid loci, is derived from
the explicit dynamics. Numerical tests of dynamical results over 10* generations and equilibrium results are pre-

sented.
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1. Introduction and overview

The dynamical behaviour of a multilocus trait is the
outcome of a number of different processes and is
complex. In this work we consider a single multi-
locus trait of a sexual population of diploid individu-
als. The aim of this work is to provide theoretical
insight into the interplay between the various pro-
cesses that affect the dynamics. To achieve this we
establish the exact equation for the dynamics and
show how various features follow directly from the
dynamics.

The model we adopt for our analysis is that intro-
duced by Lande (1976), in which a quantitative trait
is controlled by a finite number of linked loci (with
non-zero, but otherwise arbitrary, recombination
fractions between loci). At each locus, there are as-
sumed to be an effectively infinite number of alleles
and this is modelled by treating possible alleles as
having a continuous set of effects (Crow and
Kimura, 1964). The alleles contribute additively to
the trait, which, in the present work, is taken to be
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subject to stabilizing selection. The population is
taken to be sufficiently large that stochastic effects
may be neglected.

Lande (1976) analyzed his model using a Gaussi-
an distribution of allelic effects. This was based on
an approximation of Kimura (1965), which was sub-
sequently shown to not apply for sexual populations
under normal circumstances (Turelli, 1984). Flem-
ing (1979) also analyzed Lande’s model, under what
is essentially the Gaussian approximation of Kimura
(1965).

Bulmer (1980) analyzed a related model, where
discrete effect alleles at an effectively infinite num-
ber of loci, each of infinitesimal effect (the infinites-
imal model), control a quantitative trait. The central
limit theorem allowed him to invoke normality of
the distribution of genotypic values and to infer an
approximate form for the contribution of linkage
disequilibrium to the genetic variance. Generally,
however, there are not an extremely large number of
small effect loci controlling a trait and the distribu-
tion of genotypic values deviates from a Gaussian
(Turelli and Barton, 1994). There are additional arti-
facts of the infinitesimal model. In particular, selec-
tion does not cause changes in gene frequencies, but
only generates pairwise correlations (linkage dis-
equilibria) between genes in gametes of common
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parental origin. In practise gene frequencies do
change after a modest number of generations (Tu-
relli and Barton, 1994).

The exact equation obeyed by the distribution of
allelic effects in gametes in the Lande model incor-
porates mutation, selection and recombination. We
partially analyse this in one particular case when se-
lection is arbitrary and provide a systematic analysis
when selection is weak. In the weak selection case,
various terms in the equation are separated accord-
ing to their effects. We explicitly identify the terms
in the selection function that generate linkage dis-
equilibrium as well as terms which simply sum con-
tributions from individual alleles. The framework
we present is distinct from that in other recent work
on multilocus systems and is complementary to
these investigations (Biirger, 1993; Biirger and Hof-
bauer, 1994; Barton and Turelli, 1991, 1994; Nagy-
laki, 1993; Christiansen, 1999). We also believe that
the mathematical approach to the dynamics pre-
sented here may be generalizable to more complex
situations.

We adopt the convention that summations with
unspecified limits cover the full range of the summa-
tion index and that all integrals range from —co to co.
Generally, but not always, we use the convention
that quantities represented by a capital letter denote
a random variable, and those in lower case denote a
particular realization of that variable. Additionally,
the only correlations we consider in this work are
those between alleles at two different loci, i.e. pair-
wise linkage disequilibria, and for brevity we shall
omit the adjective “pairwise” throughout the paper.

2. Model

Consider an effectively infinite population of dip-
loid, randomly mating dioecious sexual organisms.
Their lifecycle takes place in discrete generations.
One generation consists of: (i) the random union of
gametes to form zygotes, (ii) viability selection on a
single polygenic trait, (iii) the production, by surviv-
ing individuals, of gametes and the death of these in-
dividuals shortly afterwards.

The trait under consideration is controlled by L
linked loci where 2L alleles reside. These alleles
combine, both across and between loci, in a purely
additive manner i.e. without dominance or epi-
stasis.
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The phenotypic value of the trait, Z, is the sum of
the genotypic value, G, and an environmental effect
€. Thus Z= G + € where

G=Y (X, +7) (1)

and X; (Y;) is the contribution of the paternally (ma-
ternally) inherited allele at locus i. Each X; and ¥; is
continuous (Crow and Kimura, 1964) and can take
any value from —oo to co. The environmental effect,
€, is arandom Gaussian variable that is independent
of G. It has a mean of zero, and a variance of V..

Each allele in an individual is a copy of an allele
in one or other of its parents. Any difference be-
tween a parental allele and the allele passed on to an
offspring is due to mutations. Alleles are taken to
mutate independently of all other alleles and all loci
are equally mutable. The probability of a mutation
per replication of an allele is denoted by [ and the
effect of a mutated allele is taken to be normally dis-
tributed around the parental allele of which it is a
copy (Kimura, 1965). Given the occurrence of a mu-
tation that e.g. alters the allele of paternal origin at
locus i, the probability that the mutated offspring
will inherit an allele, with effect X; in the infinitesi-
mal interval u + du > X; > u, is f(u — x*)du, where x*
is the paternal value of X,

f@)=@mun® )" exp(—x? / 2m*))  (2)

and m” is the variance of mutated effects around the
parental value.

Fertility is taken to be independent of phenotype
and selection acts only on viability, which is deter-
mined by an individual’s phenotypic value. The via-
bility of an individual, with phenotypic value z, is
taken to be proportional to

exp[~(z =6)* / (V)] )

(Haldane, 1954) where V> 0. This corresponds to
normalizing selection where the optimal phenotypic
value is 8 (a constant). The quantity V"' is a measure
of the strength of selection on phenotypic values;
small V' corresponds to weak selection and vice
versa. Averaging (3) over environmental effects
yields the viability of individuals in terms of their
genotypic value. An individual whose genotypic
value is zil (x, +y,) has a viability proportional
to
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W) = expIY L, @, +y,) 81 /() (@)

where
def

V=V 4V, 6)

In (4), we have introduced a convenient vector nota-
tion, so generally, a function depending on x will de-
pend on the L variables xi, x, ..., x;. We shall refer to
w(X, y) as the fitness of individuals with genotypic

value Zf:l (x, +y,).

3. Compact representation of the dynamics

For the model outlined, the population, in generation
1=0,1, 2, .., is characterized by the distribution
(probability density) of allelic effects of paternal ga-
metes

P (X)=ED, (x,,x,, ... (6)

, X, ).

Assuming no sexual dimorphism, the distribution of
maternal gametes is identical to that of paternal ga-
metes, namely ®(x). A property of P(x), since it is
a probability density, is

J’CDT (x)d"x =1 7
where dx = dxdx,...dx;.

In generation T, the distribution of allelic effects
of zygotes, under random mating, is P (x)P(y).
Thus prior to selection, the expectation of an arbi-
trary quantity H(X,Y) that depends on the effects of
paternally and maternally inherited alleles, X = (X,
Xs, ..., Xp) and Y = (Y1, Y», ..., Y1) is denoted by
E. [H (X, Y)] and is given by E; [H (X, Y)] =
J’H(x, V)P (x)D(y)d“xd"y. (The expectation after

selection, in generation T, is E¢[w(X, Y) H(X, Y)]/
Ew(X, Y)].

The dynamics determines how ®;(x) changes
from one generation to the next. The equation for
this is

IK(X;U, v)wv) ® @, (v)d ud"y
D, (x)=
Iw(u, V)P WP, (v)d ud"v

where K(x; u, v) incorporates mutation and recom-
bination. This equation is derived Appendix B and,
in equations (B1) to (B5) of this Appendix, we give a
specification of K(x; u, v). In Appendix C some
properties of K(x; u, v) are derived.
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4. Results following from the exact dynamics

Equation (8) contains an exact statement of the dy-
namics. It is possible to extract a small number of
exact results from this and we shall present these be-
fore considering an approximate treatment.

Consider the effects of a single round of selection
on a population that, in generation 0, is in linkage
equilibrium. We take the distribution of allelic ef-
fects in gametes to be given

@, x) =[x, ;) ©)
X, () =ma;) ™ exp[~(x, —¢,)" / (2a7)] (10)

corresponding to the effects of alleles at locus j be-
ing normally distributed around x; =¢; and having a
variance of a . Let us define

—  def

= L def L 2
G =2Z/=1 > Vo _2z.i=laj

then in Appendix D we show that the following
hold, with no approximation:

(11

J'ijDI(x)de =c; -(G, -0)at/ (v, +V,,) (12)
J'qull(x)de —(Iqu?’l (x)d"x)*

=pm’ +ai -/, +V,,) (13)

Ixjxqul (x)d"x —IquJl (X)dekaqu (x)d"x

=—O(_§0(i/(VS +V,0), J 2k (14)

These three results hold for arbitrary L and V., the

latter being a measure of the strength of selection.
Let Var; denote the variance of a quantity in gen-

eration T and E; the corresponding expectation.

Then since f = Vary(X)) is the variance of X; in gen-

eration 0, we can write (14) as
E\(X,X)-E (X,)E (X)) =
=Var, (X ;) Var,(X,)/ (V, +V,,).  (15)

This quantity is a measure of pairwise linkage dis-
equilibrium. We shall compare this with an approxi-
mate result in a later section.
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5. Strength of selection

Let us estimate the strength of selection in the above
model when loci are unlinked. Without loss of gen-
erality, quantities may be scaled so V, =1. With this
scaling, typical values of the parameters m and V; as
estimated by Turelli (1984), are in the vicinity of
Vy=20and m = 0.2. We furthermore take [ =107 as
a typical allelic mutation rate (Griffiths et al., 1996).
The typical values of taken for V;, m and M indicate
that uVS/m2 <<1 and under this condition a “House of
Cards” approximation applies (Turelli, 1984). This
approximation is related to a mutation scheme of
Kingman (1978). The essence of the approximation
is that the distribution of allelic effects is much nar-
rower than the typical change in allelic effect caused
by a mutation. Let £ denote the expectation operator
for equilibrium. The mean equilibrium genotypic
value coincides with the fitness optimum: E[G] = 0.
Furthermore, the mean fitness of the population is
E[exp(—(G — 8)*/(2V,))] and expanding the expo-
nent yields

E[exp(<(G =8)* / (2V)))]

=1 -V, /(2V,) +E[(G —E[G])*]/ 8V]) +.. (16)

where ¥, € E[(G —E[G])?] is the equilibrium ge-
netic variance. Results from Appendix A, namely
(A2) and (A3), yield Vs/(2V,) = 2LY and E[(G —
E[G])']/ 8V )= (2Lpym® / (4V) + (3/2)2Lp)’ (1 -
1/(2L)).When the ratio of quartic to quadratic mo-
ments in (16) is small, namely when m* / (4V,) <1
and 2L << 1, selection is weak and the fitness of in-
dividuals with genotypic value Zle (x, +y,)is

wEY=L-[S L G +y) -0 /@), (A7)

6. Approximation of the dynamical equations
when selection is weak

Assuming selection is weak in typical dynamical sit-
uations, as well as in equilibrium, allows us to write
w(x,y)=1-s(x,y) where

sY)=LY L G +y) =81 /(). (18)
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For unlinked loci under the “House of Cards” ap-
proximation, s(x, y) has an approximate mean equi-
librium value of 2L.

An approximate analysis of (8) when s(x, y), (or
its mean value) and [ are treated as small quantities
of comparable magnitude can be obtained by ne-
glecting terms of order s(x, y) X s(X, y), s(X, y) X |
and P X P along with higher order terms.

To begin the approximate analysis, expand
K(x; u, v), of (8), to linear order in :

0K (x;u, V)
ol Lo
Ul%fKo(x; u, v) +uK, (Xx;u,v).

K5 u v) =K(5u,v)), .,

(19)

Appendix C is devoted to the functions Ky(x; u, v)
and Ki(x; u, v) and some important properties of
these are given in (C2) and (C3).

Equation (8), on expansion to the stated order,
takes the form

q)'[ +1 (X) :J-KO (X;H,V){l _[S(ll, V) _Er ]}
x®_(w)D, (v)d udv

+u'[K1 xu,v)O, (WP, (v)d" ud"v (20)

where s, :.[S(X’ YO, ()P, (y)d"xd"y.

Equation (20) can be written in a form where the
detailed significance of different terms can be
readily appreciated. We achieve this by separating
the selective difference, s(u,v)—s,into various
components related to their influence.

7. Decomposition of the selection coefficient

Selection in the diploid stage of the lifecycle has a
number of different effects that arise because selec-
tive deaths, due to genotypic differences, result in
changes in the genetic constitution of a population.
The most obvious of these results in changes in al-
lele frequencies of non-equilibrium populations. In
addition there are changes in correlations with the
following origins.

(i) At the start of a generation, immediately after
random union of gametes, alleles of different paren-
tal origin are uncorrelated and at this point the popu-
lation is in Hardy Weinberg equilibrium. During the
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course of a generation, selective deaths cause corre-
lations between the alleles of different parental ori-
gin that exist in surviving individuals. Via recombi-
nation, some of these alleles may end up in the same
gamete and as a result, correlations of alleles in ga-
metes are generated (this is one source of linkage
disequilibrium). These correlations may then be
passed on to the next generation.

(i1) At the start of a generation, newly formed in-
dividuals, containing alleles of the same parental or-
igin, may already contain correlations. Selective
deaths may generate additional correlations between
these alleles. Some of these alleles may also end up
in the same gamete. Selection may thus generate ad-
ditional correlations between alleles in gametes and
these will then affect the next generation (this is an-
other source of linkage disequilibrium).

We shall shortly see which terms in the selection
coefficient are responsible for changes in frequency
or production of linkage disequilibrium.

Part of the selection coefficient is comprised of a
sum of contributions from the separate alleles pres-
ent in an individual and is written as s,(u, v). Gen-
erally, this causes changes in gene frequencies. In
the language used by Bulmer (1989) when discuss-
ing genetic variance, s,(u, v) is a “genic” contribu-
tion, obtained by summing contributions from indi-
vidual genes.

The part of the selection coefficient that produces
correlations between alleles in gametes originating
in a single parent is written as s;(u, v).This term is
responsible for the generation of linkage disequilib-
rium, and is termed a “linkage” contribution.

Using the notation

def el def

G, =E [G], X EE[X]
0, u, o u, —)?il , o, v, dgv,. —)?l.l 21
we find we can write
s V) -5, =[5, @v) -5, ]
+[SL(u9V)_§L,T] (22)
where
_ 1 = _v  _ay?
sg(u,v)—izi(ui +G, - X, -0)" +
1 — _
+—Y v, +G, =X, -8)> (23
TR . 0 ()

SL(H,V)=L O udu, +3dv,qv;)+

J
s L GE])

1
+i 226T ud v,

s i)

24

Ser =[5, VO, @, (V) ud",
S =[5, @O, @O, (v)d'xd'y. (25)

The form of the genic contribution, s,(u, v), may
be appreciated if it is noted that G, — X ,_ is the aver-
aged effect of all alleles controlling the trait, with the
exclusion of the effect of the paternal allele at locus
i. Thus [u, +G, =X, —B]*/(2V,) corresponds to

the selection coefficient against individuals carrying
a paternal allele at locus i with effect u;, when all
other alleles have their mean effects and a quadratic
approximation to the selection coefficient applies.

It is not immediately obvious that the linkage
contribution, s;(u, v), is a term that generates link-
age disequilibrium. We shall shortly show, how-
ever, that it does indeed have this property.

8. Weak selection dynamics

The approximate dynamical equation (20), can now
be written as

®. ., (X)zIKo(x;u, VP ()P, (v)d" ud"v
K, (uv) =K, (5w v)[s, (V) =5, 1}
x® (WP, (v)d"ud"v
J'KO (x;wv)[s, (0, v) =5, 1P (u)
& (v)d ud"v. (26)

We shall sometimes use a shorthand notation where
terms in this equation are written as

CDI+l :IKOCDT CDI +I(HK1 _KO[Sg _§g]) q)r q)r
[Kols, =510, ®,.

8.1. Interpretation of terms

(i) The term J’ K,® ®. contains only effects of re-

combination [see (C4) for K;]. Thus if all terms on
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the right-hand side of (26), with the exception of
J' K,®. ®_, were absent, the linkage disequilibrium

between alleles at locus 7 and locus j would decrease
by a factor of (1 — r;) each generation, where r; is
the recombination fraction between these loci. Thus
for i # j, the term IKOCDT ®, yields, with C, (1) =

:Er (Xsz)_Er (Xi)Er (XA/ )

C,@+1)=( -r,)C, @)

(result of recombination term).  (27)
This result may be derived directly from (26) by
multiplying (26) by either x; or x;x;, integrating over
x, and using the properties of Ky(x; u, v) derived in
Appendix C.

(i) The term [(UK, -K,[s, =5,])® P, con-
tains two parts, one of which carries a factor of the
mutation rate, [ It follows that UK, ®_ . is re-

sponsible for the mutation of individual alleles.

The term [(UK, =K [s, =5,])®, ®_ also con-
tains the part [ K ;s , @ ®  which is the genic selec-
tive force that consists of a sum of 2L selection coef-
ficients against the 2L alleles controlling the trait
[see the form of s, in (23)].

It follows that [ (UK, =K [s, =5,])®P ®  con-
tains opposing evolutionary forces that are each a
sum of terms from individual alleles.

(iii) The term [ K s, @ ®_ is unique in that it is
the only term that generates correlations between al-
leles that end up in a single gamete. In (24), s, is split
into two sums, the first of which is responsible for
generating correlations between alleles originating
in just one of the parents of the individual producing
the gamete. The second sum in (24) generates corre-
lations between alleles originating in different par-
ents of the individual producing the gamete, but
which, due to recombination, find themselves in the
same gamete. Thus [K s, P ®_ is responsible for
the production of linkage disequilibrium. To see this
explicitly, consider a situation of complete linkage
equilibrium in generation T : Cj; (T) = 0. In Appendix
E it is shown that the next generation, when i # j,

C, (T +1)=-Var (X,)Var, (X,)/V,
(result of the linkage term). (28)

This result can be compared with the exact, but
somewhat specialized result of (15) which was de-
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rived when, in generation 0, the population was in
linkage equilibrium with normally distributed allelic
effects. By comparison, it follows that (28) is a valid

approximation when 225: , Var, (X)) <V.

8.2. Dynamics of correlations

We shall assume that all recombination fractions be-
tween loci, 7, are large compared with the allelic
mutation rate L. Thus if 7, is the smallest recombi-
nation fraction between loci controlling the trait:
Tmin = min;; (), (i #j), we assume

Pmin = ll . (29)
A simple picture of the dynamics of correlations
then emerges. This comes about since there are then
two distinct timescales in the problem. There is the
short timescale ~ 7 , associated with recombina-
tion processes. The other timescale is longer, very
roughly of order p', and is associated with changes
caused by mutation and selection processes.

To obtain evidence for this two-timescale picture,
we combine the results for correlations, (27) and
(28), namely
C,T+1)=E

[XiX_/'] —E ,[X]E

T+

T+1 T+l [X/]

=(1-r,)C; ()= Var, (X,)Var (X ,)/V, i#j. (30)

Combining results is justified if linkage disequi-
librium remains small and this is automatically

satisfied if 2 Var, (X,)<V,, in which case

[K,s, P P _ only affects, to leading order, the as-
sumed very large linkage equilibrium aspect of
®_ (x). The solution of (30) is

Cij =d =7y ) Cij ©) —ZT,,QL(I =ty )"

xXVar,_ |

(X;)Var,_,_, (X;)/V,. 3D
The correlations associated with linkage disequilib-
rium therefore change because of recombination
[which causes the various powers of (1 — ;) in (31)]
and also because Var; (X;) depends on T, so there are
dynamical changes in the variance of allelic effects.
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8.3. Dynamics of allelic effects

The result given in (31) requires the variance of ef-
fects of alleles (of e.g. paternal origin), Var; (X;), at
different loci and for different T. The assumption we
have previously made, that linkage disequilibrium is
small, allows the calculation of the allelic variances
under the approximation of linkage equilibrium. At
locus i the distribution of effects of alleles of pater-
nal origin, is, in generation T, defined by

qu,r (xi) :J—é(‘xi _yi)cDT (y)dLy

= [, (%), de,dr .y dvyy .y (32)

The equation obeyed by Y, (x,) follows by multi-
plying (26), for ®.((y), by 0(x; — y;) and integrating
over all y. After some work we obtain

l‘IJi,T+1 (xi)=
=lIJi,r ('xi) +|"1[If(xi _”)LIJ[J (u) du _quI (xi)]
_[Si(xi)_gi,r]lpi,r (xi)

+ linkage disequilibrium contributions (33)

where

S,(x)E(x, +G, -X,, -0)*/(2V,) (34)

def

S EISf(xi)l]JfI (x,)dx,. (35)

The linkage disequilibrium contributions in
equation (33) may, in situations close to equilib-
rium, be estimated to be of order 2L smaller than
other terms present and is thus neglectable when
2Lp <<1.

Equation (33) is a dynamical equation that deter-
mines the change of Y, (x;) with T. With the neglect

the linkage disequilibrium contributions, (33) has
the form associated with a one locus haploid prob-
lem where Si(x;) is the selection coefficient against
alleles of effect x;. We can solve the resulting equa-
tion for Y, (x,)and hence can determine Var (X;) =

.[(x[ _)?i,r )Zl-pix (xi)dxi'

8.4. Considerations of general dynamics

Equation (26) contains the general dynamics of the
distribution function ®;(x) under conditions of weak
selection. We shall not consider the general dynam-
ics in any appreciable detail but shall simply point
out that equations may be obtained from (26) that re-
late quantities in generation T +1 to quantities in
generation T. For example, the mean genotypic
value in generation T +1, E_,[G] :EI+][Zi(X LY =
2F [ziX .], may be obtained by multiplying (26)

by E‘ix . and integrating over all x;. Details of the
calculation are given in Appendix F. One virtue of
the analysis is that the dynamical origin of the differ-

ent terms, whether from genic or linkage parts of se-
lection, is immediately known.

9. Approach to equilibrium

From (31) and (33) we can infer the following pic-
ture of the approach to equilibrium.
(i) On short times, of order »_ , all correlations

associated with linkage disequilibrium settle down
to a quasi-equilibrium value, given by the balance
between recombination and linkage disequilibrium
generating aspects of selection. During changes
over time-intervals small compared with ™ we may
imagine that genic changes (associated with changes
in individual allele frequencies) vary so little that
they may be treated as a constant. Thus when p ™! >>
1>>r"! we can replace the sum in (31) by

S (0 =r,) Var_, (X,)Var_,_ (X,)/V, =
Var, (X,)Var, (X,)/(r;V,). Thus when ptss 1>
Fin

Er (Xin)_Er (Xi)Er (Xj)

=-Var, (X,)Var, (X,)/(r;V,). (36)

The rapidity with which recombination causes
the quasi-equilibrium result of (36) to be achieved
(namely over ~ 7, generations) indicates recom-
bination is generally a very strong genetic force. The
equilibrium value of the right-hand side of (36),

which, under the “House of cards approximation,” is
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of order |J2 Vs | ¥min, indicates that recombination pro-
duces a high degree of linkage equilibrium.

(i1) After the relatively rapid “recombination”
generated approach to quasi-equilibrium, genic ef-
fects undergo their approach to equilibrium on the
longer timescale of ~ . Over this longer time-
scale, (36) indicates that correlations associated
with linkage disequilibrium are controlled by (or are
slaves of) the changes in genic quantities.

10. Equilibrium genetic variance

In equilibrium, quantities do not have any T depend-
ence and the genetic variance is given by

V. < Var[G] =Var[ZiL:1 (X, +Y,)]. This can be
split into the following parts (Bulmer, 1989), V¢ =
Vg + CHW + CL where

v, :22; Var(X,) (37)

Cuy =255 S (EIX Y1 -EIX JE, 1) (38)

C, =23 3 (EXY]-EX]EIX,)39)
(i#])

V, arises from contributions of individual genes
and is called the genic variance (Bulmer, 1989). In
the absence of linkage disequilibrium, the genetic
variance coincides with the genic variance.

Cuw 1s a Hardy Weinberg disequilibrium term
that arises from correlations between pairs of alleles
originating in different parents. Since Cyy is calcu-
lated immediately after random union of gametes,
alleles originating in different parents are statisti-
cally independent and Cpy = 0.

C; arises from linkage disequilibrium, i.e. from
statistical correlations between pairs of alleles at dif-
ferent loci, the alleles having the same parental ori-
gin.

To calculate these quantities, we proceed by first
calculating equilibrium quantities associated with
alleles at a single location within a locus (each locus,
being diploid, has two locations where alleles can
reside) and then feed these into the results already
obtained for linkage disequilibrium correlations. In
this way we are able to determine the genetic vari-
ance.

10.1. Genic variance

We first calculate the variance allelic of effects. The
selection function, Si(x;), of (34) may be simplified
since equilibrium entails G =8. Thus (33) may be
written as

e, - X)" 1
D 2VS‘ 2VS

[ (=0, () =0

— O
I(u _Xi)zwi(u)du +H[H-',~(x[)
1l
(40)

As Lande (1976) pointed out, the X,’s in equilib-
rium need not be zero. Apart from the constraint

ZZf: 1 X, =8, they have arbitrary values which
are ultimately determined by initial conditions. Let
W (x;) be the equilibrium solution of (40) when all
X, =0 (so W (x) is real, positive, symmetric and
J W (x;)dx;=1). Then forall i, Pi(x;) = W(x;— X ;). We
can thus write the linkage equilibrium approxima-
tion to P(x) as I_l le W(x, - X,)where 22;)1 =9,
and W(x) obeys ([x* —[u’W(u)dul/(2V,)+N)x
W) -uf f (x —u) W(u)du =0. Under the assump-
tions about parameters that we have made, W(x) may
quite accurately be determined in the “House of
Cards Approximation” (Turelli, 1984), which ap-
proximates [ f (x —u)W(u)duby f(x) because W(x) is
appreciable only over a small range compared with
m (the standard deviation of mutant effects). The net
result is W(x) =2uV, f(x)/ (x> +A\*) where A =
Jan W / m. This distribution has a mean of zero and
variance [ x> W(x)dx = 2uV,. We thus have, for all 7,

Var(X)) = 2uV; (41)
which is the result found by Turelli (1984).

With (36) and (41) we have all of the ingredients
needed to calculate the equilibrium genetic vari-
ance.

In particular, using (41), the genic contribution to
the genetic variance is

V,= 22; Var(X,)=4LuV..
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10.2. Linkage contribution

Using (36) and (39) we obtain an equilibrium link-
age contribution of

¢, =2Z,-L:1 ZI'L:I Cy

#))

L L
=235
i=1
(i#))

Var(X,)Var(X )/ (r, V) (42)

ij's

Let us define
L L
Zl IZJ 1
1
<fo>
L(L_l) i=T j=1 I’ij
(%))

G

Zl IZJ 1

Then using Var(X;) = V,/(2L), we can write (42) as
1V [1\g_1g
2V, \r, /O LO

(%)) 1 L1
[cf. the result found by Bulmer (1974) for the infini-

—. (43)
(44)
tesimal model].

C, =-

10.3. Genetic variance

From (44) we obtain Vg~ V, + Cp i.e.
< > . % @)

This equation closely corresponds with Bulmer’s
equilibrium result for an infinite population [e.g.
equation (8) of Bulmer (1989)] when linkage is pres-
ent and an infinite number of equivalent loci with
discrete alleles exist. Note that at no point have we
based any approximations on the value of the num-
ber of loci, L, thus (45) applies for L=2, 3, ..., and in-
deed any number of loci provided the population lies
in a regime of weak selection.

VVDI
EZV

11. Numerical results and discussion

The results we have presented indicate that much of
the dynamics as well as equilibrium properties can
be explained from knowledge of the distributions of
allelic effects at the 2L different “haploid” locations

in the genome. In an L locus model, one such distri-
bution of allelic effects is determined by assuming
that alleles at one particular location exist in a ge-
netic background consisting of the averaged effects
of alleles at the remaining 2L —1 locations [see Equa-
tions (33) and (34)]. Once the distributions are
known, they may be used to calculate the allelic
variance, Vary(X;), and from this determine the genic
variance in a non-equilibrium situation:

ACE 22; Var, (X)). (46)

The allelic variance may also be used in (31) to de-
termine the pairwise correlations between alleles
and from this the non-equilibrium linkage contribu-
tion to the genetic variance may be obtained.

CL =2 Zle ijl

i)
=2%0 310 -7,)°C,0)
@i%j)

=S (1 =r,)" Var,,, (X Var,_,,(X,)/V,](47)

C; (@

and the genetic variance is simply the sum of V(1)
and Cy(7).

An inspection of the approximations made indi-
cates that the key assumptions are that selection is
weak and that the smallest relevant recombination
fraction, 7, is much larger than the allelic mutation
rate W. It thus follows that, with the necessary
changes made, the results derived should also apply
when allelic effects are discrete and not continuous.
It may also be observed that the number of loci is not
a key feature of the validity of the results (this is in
sharp contrast to the infinitesimal model, which re-
lies on the number of loci approaching infinity).
This allows us to perform a numerical test on an L
locus, biallelic model. We have taken the allelic ef-
fects in this model to be 0 and 1 and this amounts to
having a variance in mutant effects of m”> ~ 1, which
is larger than that of the typical value (m* ~ 0.04).
Accordingly we have inflated ¥V to the value V =
400, so the value of m*/V, is comparable with the ra-
tio when m” and ¥, have typical values. Furthermore
the results presented apply for ry,;,, > (29) and we
have taken i = 10"°. For the simulations, we have
assumed all L loci run contiguously and have taken
the recombination fraction between adjacent loci, 7,
to be = 0.05. Other recombination fractions have
been calculated in the absence of interference.
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We have numerically solved the exact difference
equations describing the gamete frequencies for this
model for various numbers of loci, assuming the
special case of linkage equilibrium at T =0 [i.e. C;(0)
= 0]. The dynamical behaviour arising from the ex-

iy T T
9 .
— Exact Result
=== Approximate Result
ol
> 5
1 -
0.5 1 1 1 e
10° 10’ 10° 10° 10"
Time (generations)
> 5_B i T 1
2F .
— Exact Result
- == Approximate Result
ol
> 1 5—
1
0.5 sasanl 1 1 " PP
10° 10" 10° 10° 10*

Time (generations)

FIG. 1. Genic contribution to the genetic variance

In Figure 1A, the genic contribution to the genetic variance, V,,
is plotted against the number of generations, T. The exact result
(continuous line) is obtained from iteration of the exact equa-
tions determining the dynamics of the population. The approxi-
mate result (dashed line) is obtained by: (i) numerically solving
the equation for the “haploid” allele distribution at the 2L differ-
ent locations, (33) and (ii) determining, from the distributions,
the various allelic variances and using them in (46). For the pur-
poses of the simulation, the trait was determined from the addi-
tive effects of 6 biallelic loci. Possible allelic effects at each lo-
cus are 0 and 1. A normalizing fitness function of the form (4)
was adopted, where 8= 5 and V; = 400. The allelic mutation rate
of L =107 was used. Initial frequencies of alleles with effect
“1” at the 6 loci were (0.1, 0.2, 0.3, 0.4, 0.5, 0.6) and all alleles
were in linkage equilibrium in the initial generation. All 6 loci
were assumed contiguous and the recombination fraction be-
tween adjacent loci was » = 0.5. Other recombination fractions
have been calculated in the absence of interference.

In Figure 1B, V is plotted when the recombination fraction be-
tween adjacent loci is # = 0.05 and all other quantities are identi-
cal to those used in Figure 1A.

act difference equation is contrasted with the dy-
namical predictions of this work.

As a particular example, in Figures 1A and 1B,
we plot the genic contribution to the genetic vari-
ance, V,, for a recombination fraction between adja-

A T M T T
— Exact Result

=== Approximate Result

—
o
-0.015 1 L L
10’ 10' 10° 10° 10"
Time (generations)
5 : e
0 — Exact Result
--- Approximatc Result
—
O

1 1 N 1
70-‘:0 3 4

Time (generations)

FIG. 2. Linkage contribution to the genetic variance

In Figure 2A, the linkage contribution to the genetic variance,
Cy, is plotted against the number of generations, T. The exact re-
sult (continuous line) is obtained from iteration of the exact
equations determining the dynamics of the population. The ap-
proximate result (dashed line) is obtained by: (i) numerically
solving the equation for the “haploid” allele distribution at the
2L different locations, (33) and (ii) determining, from the distri-
butions, the various allelic variances and using them in (47). For
the purposes of the simulation, the trait was determined from the
additive effects of 6 biallelic loci. Possible allelic effects at each
locus are 0 and 1. A normalizing fitness function of the form (4)
was adopted, where 8 =5 and V; = 400. The allelic mutation rate
of p= 10" was used. Initial frequencies of alleles with effect “1”
at the 6 loci were (0.1, 0.2, 0.3, 0.4, 0.5, 0.6) and all alleles were
in linkage equilibrium in the initial generation. All 6 loci were
assumed contiguous and the recombination fraction between ad-
jacent loci was = 0.5. Other recombination fractions have been
calculated in the absence of interference.

In Figure 2B, C| is plotted when the recombination fraction be-
tween adjacent loci is »= 0.05 and all other quantities are identi-
cal to those used in Figure 2A.
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cent loci of ¥=0.5 and »=0.05, respectively. The ap-
proximate result is calculated from the “haploid”
approximation used in this work and it is compared
with the exact result obtained by iteration of the ex-
act equations governing the population.

In Figures 2A and 2B we plot, for » = 0.5 and
r=0.05, respectively, the linkage contribution to the
genetic variance, Cy, as calculated from the approxi-
mation of this work (47), and compare it with the ex-
act results.

It is evident from the Figures that the genic vari-
ance, V,, is little affected by linkage and indeed stays
almost constant for of order10? generations. By con-
trast the linkage contribution to the genetic variance,
C}, changes appreciable on a significantly smaller
timescale and is substantially affected by the degree
of linkage.

We note that the approximate dynamical results
in Figures are derived from knowledge of variances
of allelic effects at different locations and these were
calculated from the dynamics of a single haploid lo-
cus in a background comprising the averaged effects
of alleles at the remaining 2L — 1 locations. Thus the
approximate calculations require no knowledge of
how the alleles are associated together in haploid or
diploid stages of the life cycle.

C; following from (44) is not accurate if it is calcu-
lated from the variance of allelic effects of a haploid
locus in an averaged genetic background. The lack
of accuracy of (44) stems not from (44) itself, but
from numerical errors in those approximate allele
frequencies that are close to 0 or 1. We have thus cal-
culated the equilibrium linkage contribution to the
genetic variance, C;, from (44), when the equilib-
rium allele frequencies produced by the exact differ-
ence equation for the model are used. Below we give
equilibrium values of C;, as calculated from (44),
along with results arising from the exact dynamics.
In all cases, the optimal genotypic value G, = 5,
Vs=400and 1 =107 , and iterations were terminated
when gamete frequencies changed by less than
0.5 x 10" in one generation.

Some environments do may not remain station-
ary for 10" generations (the number of generations
the numerical studies were made for in this work).
Changing environments have, however been consid-
ered elsewhere (see Waxman and Peck, 1999; Bur-
ger, 1999 and references therein).

The results presented in this work deal with the
most basic situation of a population’s approach to
equilibrium, or the equilibrium itself. We believe it
should be possible to extend the results to a variety

Recombination fraction between adjacent loci, 7= 0.5

L 2 3 4 5 6
C;, (exact) -121x107° 923 x 10" ~1.62x 107 —2.55%x107° —-3.17x107
C;, (approx.) -1.22x107° —932x10* -1.70 x 107 —2.69x10° —325%x107

Recombination fraction between adjacent loci, » = 0.05

L 2 3 4 5 6
C;, (exact) ~1.03x 10" ~7.67 %107 ~123x 107 ~1.74x 107 ~1.78 x 1072
C;, (approx.) -123x10* ~7.95x 107 -1.32x102 -1.85x 107 -1.97 x 107

While the dynamical results produced in this
work appear to be reasonably accurate over a num-
ber of generations, we have not been able to put any
bounds on the error of the value of dynamical quan-
tities.

In addition to the dynamical results, we have also
investigated the equilibrium result for the linkage
contribution to the genetic variance, C;, which is
given in (44). For the mutation rates we have consid-
ered, equilibrium is only achieved after relatively
long times (~ 10*) generations. We have found that

of other situations from further analysis of the exact
equation governing the population’s dynamics (8).
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D. WAXMAN

APPENDIX A

In this Appendix, we provide details of the calcula-
tion for moments of the distribution of genotypic
values. We deal with the case of L unlinked loci,
when linkage disequilibrium is neglected and the
“House of Cards” approximation (Turelli, 1984) ap-
plies.

The genotypic value is G = Z/L: (X, +Y)

where X; (Y)) is the effect, at locus j, of a paternally
(maternally) inherited allele.

We deal here only with variances of X; or Y;. The
variance of e.g. X; is unaffected by adding a constant
to X;. We thus define X; and Y; (and hence G) so that
their mean value vanishes E[X;] = E[(Y;] = E[G] =0
where E denotes the expectation operator appropri-
ate to equilibrium. Then the genetic variance is Vg =

E[G7] = Zle ZLE[(X./ +Y,)(X; +Y,)]. The ne-

glect of linkage disequilibrium means X; and X are
statistically independent if ; # k. Furthermore,
Hardy—Weinberg equilibrium entails X; and Y, be-
ing statistically independent for all j and £.

It follows that since all X; and Y; have the same
probability distribution,

def

E[™]=[QMT*,  QM)EE[™] (Al)

We can use (Al) to simply determine the variance
and fourth moment of G about the origin: E[G°] and
E[GY.

We write Q'(0) = ;\QO\) , Q'0)=

A=0

= Bi g Q(\)| etc. and use the result that the dis-
4N O o

tribution of X; is symmetric about X; = 0 so all odd

derivatives of Q(A) vanish at A = 0. Then V= E[G’]

= 2L Q" (0) = 2LE(X ?) and E[G"] = 2L Q"(0) +

6L(2L — 1) x [Q"(0)]" = 2LE[X }] + 6L(2L — 1)
(E[X ‘f])z. The results of Turelli (1984): E[X ‘f] =
2uV,, E[X }]=2uVym’ then yield

Vy =4Luv, (A2)

E[G*)=4LuV,m* +121° (L= )Qu, )

=v,m® +30 - 2.

A3
T (A3)
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APPENDIX B

In this Appendix we derive the equation (8) for the
distribution of allelic effects ®¢(x) in a continuum of
alleles model. The key quantity in this equation
is the function K(x; u, v) that incorporates muta-
tion and recombination. Before deriving the above
equation we give a summary of the properties of
K(x; u, v).

Summary of equations defining K(x; u, v)

The equations that determine the key properties of
K(x; u, v) are

Kxuv)=y ROM(x-§) (B1)
20D o Qorn Do (B2)
Y R(@)=1, 5 0 R(0)=0,

Zooio_/R(o-) =1 -2r, (B3)
M (%)=, [0 —8Cx,) + (x,)] (B4)
. =(1+0)u /2+(01 -0, )W, /2,

(i=1,23,...,L) (B5)

where &(x) denotes a Dirac delta function of argu-
ment x.

We show, in Appendix C that despite the appar-
ent complexity of K(x; u, v), it is straightforward to
calculate properties of this function.

Two locus model

We motivate the result for the dynamical equations
by starting with a two locus model. The lifecycle is
schematically,

Gametes random union Zygotes viability selection

Adults meiosis with recombination Gametes.
death of adults

We denote alleles at locus 1 and 2 by 4; and B;, re-

spectively, where i and j are discrete labels. 7;(T)
represents the frequency of an 4,B; gamete in gener-
ationt (=0,1,2, ..

.). Ordered genotypes are written

as A;B;/ AiB; where the gamete 4;B; (4;B;) has a pa-
ternal (maternal) origin and the frequency of zygotes
of this ordered genotype is n;;(T)ny(T). Let w(ij, kl) =
w (kl, ij) be the fitness of these zygotes (proportional
to viability since fertility is independent of pheno-
type). After selection, the frequency of 4,B; / 4B,
adults is P;x(T) where

P (O Ew(ok, klyn, T )n,, @)/,
W, = Wi kny On, @) (B6)

Loci are linked, with recombination fraction 1, and
the frequencies of an4, B, gamete at this point in
the lifecycle, written as np o (T ), is

_1
p,pz(T) 2 rlZ)prp (@)
m)zp,“,lpz( )+ prlﬂ%( )

rlz szp p]l( )

Mutations result in the frequency of an4, B, ga-

(B7)

mete in generation T +1 being given by

na‘az (T +1) - Zﬂlpz

where M, , . contains information on the muta-
tion scheme. With equally mutable loci and each al-

lele mutating independently of all others, M, , , -
is given by M, —l_ll Nl —Z H,)0,, +
+H, , ] where L; is the probability that an allele i

O
Mal az’Plpznpll’z (T) (Bg)

undergoes a mutation to allele ;.

(B8) can be written in a compact form that readily
allows generalization to more than two loci, and pro-
vides a practical tool for calculation of quantities for
multiple loci. Introduce two independent variables
0, and 0, that can only take the values + 1 and de-
fine

R(0,,0,)=— F‘SZ_W (1 =r,)" 77" (BY)
where 71, is the recombination fraction between the
two loci. R(0y, 0;) gives the probability that a ga-
mete produced by an individual contains a copy of
an allele of particular parental origin at locus 1 and
2. For example, R(1, —1) is the probability that in a
gamete, the allele at locus 1 is of paternal origin, and
that at locus 2 is of maternal origin. Apart from nor-
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malization [ZG oy zo ., R(0,,0,)=1]R(0,,0,)
may be simply verified to have the properties

ZUFtl ZGZ=¢101R(01702 )=0, i=1,2

Zalzil zcz:il 010—2R(0—1502 ) =1 _27'12.

Furthermore, let us define, fori=1and i =2,
a,=a,0,,c,,d,)=1+0)c,/2+(1-0,)d, /2. (B12)

(B10)

(B11)

We can then write (BS) as
Mo, (TH1) =

_ 1
I Z R(o-l’o-z)Malag,Clluz
2dyd;

we 0;=%1 0,=%1 ¢c

xw(cc,,dd,)n,, (On,, @©). (B13)
We write (B13) in a natural vector notation as

@)=Y Y ROM, ()

xn (U)ny (T)/W, . (B14)

where Z = z B Z _and the remaining
o 0;=%l1 0,=%1

sums cover the full range of possible allele labels.

Generalization to L linked loci

In the form given in (B14) it is straightforward to
generalize the results to L linked loci which are la-
belled 1, 2, ..., L.

We define

a=(a,,a,,..,a,), a=(,0,,.,0,),

c=(c,,CppeeerCp ), d={,,d,,....d,), (15)
with a; defined by (B12) for i now ranging overi=1,
2, ..., L.

Additionally, let 0 =(0,,0,,...,0, ), where each
element of o takes the values + 1.Then o can achieve
2" different values. The variable o is the device we
use to count all 2 different gamete recombinants
that are possible from one parent (the 2" recom-
binants need not be distinct). A related device has
been used in previous work (Karlin and Lieberman,
1978). The probability of a gametic output associ-

ated with a given o is given by the generalization of

D. WAXMAN

(B9) to L loci: a function we denote by R(0), with an
analogous interpretation to the 2 locus case. An ex-
plicit form for R(o) can be determined in case of re-
combination without interference between loci. For
the purposes of this work, however, we shall not
need the detailed form of this function, only a
knowledge of a few of its moments, analogous to
normalization (B10) and (B11), namely ZUR(G) =
1, zaofR(G) =0, ZUO"G/R (0)= (1 — 2ry) where
r;; 1s the recombination fraction between locus i and
locus j. These moments are calculated in Appendix
C from elementary, but general principles.
Assuming again that each allele mutates inde-
pendently of all others, we have M, =|_|f=1 (-

_Zs p’sb, )6a,b,. + ua‘bi ]

Let ¢ denote a paternally inherited gamete that
contains alleles with labels (¢, ¢, ..., ¢1), and d a
maternally inherited gamete. The fitness of an indi-
vidual resulting from the union of these gametes is

written w(c, d) = w(d, ¢), and w, =zcdw(c, d)

xn (T)n,(T). The generalization of (B14) to L loci is

@)=Y Y ROM,,
xw(e,d)n, (T)n, (T)/w,

(B16)

o,=(1+0,)c,/2+(0 -0,)d, /2

def
where now z = z Z Z )
a 0,=%1 g,=%] g, =%l

(B17)

Continuum of alleles model

The L locus model with continuous alleles may be
inferred from (B16) by allowing discrete labels such
as a to be identified with a continuous allelic effect x
(wWhere o > x —c0 ) and summations replaced by inte-
grations. It is convenient to define here x = (x1, xo, ...,
x;). We identify ,(T) with ®(x)d“x where ®(x) =
D(x1, X2, ..., x1) is the distribution of allelic effects of
gametes in generation T and d"x = dx,dx,...dx;. The
quantity 4, ., is identified with [ X f{x; —x;) where

M is the probability of a mutation per allele and f(x;
— Xp) is the distribution of mutation effects. This
form of distribution function corresponds to mutants
having allelic effects that are distributed around
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their parental values (Kimura, 1965). Throughout
this work we take f{x) to be the normal distribution
given in (2).

Lastly we define

M) S [, [0 =R3Cr) +4 (x)]. (B18)
Then with [ d“u={[du, [ du,...[ du, , the continuum
of alleles analogue of (B16) is®.,, (x) = ) _ JR(0O)
Mx=Ew, V)P, (WP, (v)d ud"v/w,_where
w, =[wu,v)®, )P, (v)d ud"v is the mean fit-
ness in generation T, and £ is an L component vector
with elements

. =¢.0,u,v,)=(1+0,)u,/2+(1 -0 ,),/2,

i=1,2,3,..,L. (B19)

Setting

K(x;uv)E S ROM(x=¢)  (B20)

allows (B16) to be written compactly as

:IK(x;u,V)w(u,v)(DT W, (v)d ud"v 0
Jwa,v)®, WP, (v)d" ud"v

P (X)

APPENDIX C

In this Appendix we derive some properties we use
of the function K(x; u, v) which is summarized at the
beginning of Appendix B.

K(x; u, v) encapsulates the effects of mutation
and recombination and although it is a complicated
function all moments of it may be found with suffi-
cient effort. Here we shall derive results for this

function when it is expanded to linear order in [
0K (x;u,V) ‘

o M
d%fKo (xsu,v) +UK,| (x50, V).

K(x; u, v) = K(x; u, v) |, -, HL

(C)

Summary

We provide a summary of results before deriving
them.
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J'KO (x;u,v)d x =1
Ix,.KO(x;u,v)de =(u, +v,)/2

J’xiijO (x;u,v)d x =(1 —ry Nwu, vy, )/ 2+
+r, (uy, +vau, )2 (C2)
J'K1 (x;u,v)d x =0,
J'xiK] (x;u,v)d"x =0
Ix,.ij1 (x;u,v)d x =pm?3, (C3)
where 0; is a Kronecker delta and has the value 1 for

i = j and is zero otherwise and r; is the recombina-
tion fraction between locus i and locus .

Derivation
K(x; u, v) is defined in (B1)—(BS5) from which,
Ko(x; 1, v) = K(6 W, Vlyeo
=Y RO, &)
Ki(x;u,v)= iK(X;u, v)‘u =0
o
=S ROy L (x, =§,) =8, =§))]
x[- 8x; &)

U#i)

(C4)

[8(x) denotes a Dirac delta function of argument x].
It immediately follows, using properties of d(x; —
§;) and f{x; — &), that

J’Ko(x;u,v)de =ch(0')
J'xl,KO(X;lLV)dLX = ZGR(O')E;
J'x,.ijO (x;u,v)d"x = ZUR(O')EI»EJ- (€7

(C8)

(C5)

(Co)

J’K1 (x;u,v)d"x =0
IX;Kl (x;u,v)d x =0 (C9)
J'xiij1 (x;u,v)d x =pm?*9, ZUR(G)' (C10)

Thus we need to establish the values of ZGR(G)’
> RO, and y ROKE;.
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Since &; is, from (B5), given by &; = &,(0,, u;, v;) =
(1+0)u;/ 2+ (1-0,)v;/ 2,it follows that we need to
equivalently know the values of ZGR(G)’
ZGR(O')Oi and ZUR(O')O',.O'j )

The first sum required, ZUR(G)’ is unity, as fol-
lows from the probabilistic interpretation of R(0).
Thus » R(o)= 1.

Next, we note that R(o0)0, must vanish iden-
tically, since this sum equals (+1) % (probability the
allele in a gamete at locus i is of paternal origin) +
(= 1) x (probability the allele in a gamete at locus i is
of maternal origin) and the two probabilities are
equal. Thus » R(o)o, = 0. More generally, the
equivalence of paternal and maternal contributions
to the gamete of an individual, means we can change
o to —o without changing any results. This has the
consequence that all sums involving the product of
an odd number of 0’s vanishes identically.

Lastly consider ZUR(G)O ;0, . We note that if
i =j, 0,0, = 1, and the sum is unity, by virtue
of ZGR(G) = 1. When i # j, we have that

ZUR(G)GIO./ is given by (+1) x (probability of no
crossover between locus i and locus j) + (= 1) X
(probability of crossover between locus i and locus
J) =) x[1 =ry]) + (=1 xry) =1-2r; where r;
is the recombination fraction between locus 7 and lo-
cus j. The general rule for all i and j is thus
ZGR(G)G ,0,= 1 — 2r; provided we agree to set
ri;i =0.

We can now combine the above results to
straight-forwardly obtain the results of (C2) and
(C3).

APPENDIX D

In this Appendix, we give a derivation of exact re-
sults following from the exact dynamical equation
(8). The distribution of allelic effects in gametes, in
generation 1, is @ (x)=w,' [K(x;u,v)w(u,v)
O, (WP, (v)d ud"v where w, =[w(u,v)P,(u)
®, (v)d" ud"v. The form of fitness, w (u, v), is given

by (4) and we write this as w (u, v) =4/V, / (211 [exp
[i?\(zj (u; +v,)=0) =V A\* / 2]d\. In generation 0
we consider a population in linkage equilibrium, and
take @, (x)= |‘|f,:1 X,(x;) where X, (x,)=

D. WAXMAN

=(2na?) exp[(x, —¢,)*/ 20%)]. y,(x) is the

distribution %ff allelic effects (}I} gametes at locus . In
terms of G, = ZZ/' ¢ Ve = 22/,0(?, a short cal-
culation yields

U (G. -6y O
WO = Lexpm—mm (Dl)
Vv +Vg,0 E 2(Vs +Vg,0)@

Using the general definition for K(x; u, v) given in
(B1-B5) we have

D, (x) :w;mzak(o)wmxp[—n N /2 =iN8]
<[ j] [ dudy exp[il(u +v)]
X[ —p)d(x; =€)
HY (x; =&)X, X, (). (D2)

All moments of ®@,(x) are contained in the character-
istic function [ ' 2" ®  (x)d*x. We find
J‘eii/n/'x/'@l (X)de -

wg' V. /(21 ch(o)

XJ'd)\ exp[-VA* /2 -0 ]

x[;- [ # +Hexp(-m’n; / 2)]

x J’dudve’”“v)em"z/xj (W)X, (v). (D3)

Using the explicit form for §; (B5), it follows that
J'dudvem"+”)e’""£" X ; (@)X ; (v) is independent of the

sign of 0;, and we can write

J'dudVeWwv)em_,i,‘X J (u)X j(V)
=(d iA+N ; u d iAv
= [due'™™X , () [ dve™X , ()
= QNN — 0 /2

Using this expression, and the form for w,, (D1),
yields, after some calculation,

eP VD (x)dhx =

N 2 252
E_Z(GO B)Zj n/'a/' +(Zj n/'a/')
V. +V, 2, V)

exp

X[ @ —p e ) M (D4
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It is now straightforward to calculate moments of

@,(x) from this and in particular, we find the results
given in (12), (13) and (14).

APPENDIX E

In this Appendix, we indicate how the selection term
_IKO St @ T cDr
= _J-KO (X;ll, V)S L (ll, V)q)r (u)q)r (V)d ’ Md LV (El)

which contributes in (26) to @, is responsible for
the production of linkage disequilibrium. In particu-
lar we show that if, in generation T, a population is in
linkage equilibrium, the term —[K s, ® @, gener-
ates a contribution of —Var(Xy)Var(X;) / Vs to
Ci(T +1), the covariance in generation T + 1, where
Ci(T+ 1) = Ecy [XXi] — Exey [Xi] Eea[X1]. A popula-
tion that is very close to being in linkage equilib-
rium would also be expected to obtain, from
-[K,s,® ®_, an increment in its covariance in
one generation that is very close to —Var(X;)Var(X))
/ V.

To proceed with the derivation, we note that
to determine Cy(T + 1) we need to first calculate
Ecn[X] = [x@.,,(x)d"x and Eo[XX] =

[x,x,®@_,, (x)d"x. Using (26), these quantities can

T+l

be related to quantities in generation T. Since (26)
takes the form ®_,, =... - [K s, P P , the contri-

T+l

bution of the term on the right-hand side to Er+; [X;]
is __kaKo (x;u,v)s, (V)P (u)d, (v)d ud"vd"x

and its contribution to £y [X;X/] is

—J'xkx Ko (xu,v)s, (u,v)®, ()P, (v)d ud vd" x.

The properties of K, given in (C2) yield

J’x,j(o (x;u,v)s, (w V)P (P, (v)d"ud vd"x

=J’uksL uWv)®, S, (v)d ud"v  (E2)
kaleo (x;u,v)s, (u,v)P. (WP, (v)d" ud"vd"x
=1 -r, )J'uku,sL uv)®, WP, (v)d ud"v

+7, I”szSL u,v)® ), (v)d ud"v. (E3)

We then use the explicit form of s;, given in (24),
make the assumption of linkage equilibrium, and
write u, =E_[X,] +0, u,. After some work we find
that

T

IuksL (u,v)® )®, (v)d ud"'v=0 (E4)

J'uku,sL u,v)® ), (v)d ud"v

=Var, (X)Var, (X,)/V, (E5)
J’ukv,sL Wv)®, P, (v)d ud"v
=Var, (X,)Var, (X,)/ V.. (E6)

We can thus combine the above results and find
that —[K ,s, @ ®_ makes a contribution to Cy(T+ 1)

of —(1 —ry) Var (X)) Vary (X)) / V—ry Varg (X)) Vary
(X)) / Vi ie. — Var (Xy) Vare (X)) / V5.

APPENDIX F

In this Appendix we give an example of the methods
needed to establish relations from the equation of
dynamics of ®(x), (26). In particular, it is possible
to determine the relation between quantities in gen-
eration T + 1 and quantities in generation T.

For example, the mean genotypic value in gener-
ation T + 1 is Ey[G] and

E_,[G] :EM[Z,_(Xi +Y,)] :221_J'x,.<bm(x)de. (F1)
Using (26), along with (C2) and (C3), yields
E._ ., [G] =2ZJM,¢T (wd"u
—2Z[J’ui [s, (V) =5, 1P WP, (v)d"ud"v
—22_‘[% [s, (W, v) =5, 1P, @, (v)d"ud"v.(F2)

Using the properties of s, and 57 (23), (24) and using
Owut; = u; — Ex[Xj] yields, after some simplification,

E.. [G]= ZZIJ.MICDT (u)dLu

_2(G, -9) L
TZZI,JJ'EST u, S u; P (w)d " u
1
= 2Zi,j’k‘[5T . u; & u,®, (wyd u (F3)
and this last result can be written as
E. . [GI=E,[G]~ (G, =8)/V,(1)/V,

“E.[(5,G)'1/ (V). (F4)






