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ON THE REPRESENTATION OF PROBABILITY
VECTOR WITH SPECIAL DIFFUSION OPERATOR
USING THE MUTATION AND GENE CONVERSION

RATE

WoN CHO1

ABSTRACT. We will deal with an n locus model in which muta-
tion and gene conversion are taken into consideration. Also random
partitions of the number n determined by chromosomes with n loci
should be investigated. The diffusion process describes the time evo-
lution of distributions of the random partitions. In this paper, we
find the probability of distribution of the diffusion process with spe-
cial diffusion operator L; and we show that the average probability
of genes at different loci on one chromosome can be described by the
rate of gene frequency of mutation and gene conversion.

1. Introduction

Consider n locus model
X = (Il)x%” : a‘rd) S Rd7

so we find n genes on a chromosome. A partition X describes a state
of a chromosome and X means that there exist d kinds of alleles which
occupy xi-loci, xo-loci, - - -, x4-loci. If the partition X has a; parts equal
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to 7, then X describes that there exists «; kinds of alleles occurring ¢ loci
for each i. The set of partitions of n with k parts is denoted by S,,. Let
¢i; denote “mutation rate” or “gene conversion rate” from a partition
X; to another partition X; per generation measured on the ¢ time scale
and p; denotes the frequency of chromosome of type X;.

Let S be a countable set. In population genetics theory we often
encounter diffusion process on the domain

K={p=(pics; p; 20, > p; =1}
i€S
We suppose that the vector p(t) = (p1,ps,- - - ) of gene frequencies varies
with time t.
Let L be a second order differential operator on K

0
D=2 il 81%819] " ; R

i,j€S !

with domain C?*(K), where {a;;} is a real symmetric and non-negative
definite matrix defined on K and {b;} is an measurable function defined
on K. The coefficient {a;;} comes from chance replacement of individ-
uals by new ones after random mating and {b;} is represented by the
addition of “mutation or gene conversion rate” and the effect of natural
selection. The operator L has the same form as the generator of the
diffusion describing a p(t)-allele model incorporating mutation and ran-
dom drift with single locus, but we could give a remark that the matrix
¢i; depends on the combinatorial structure of the partitions.

We assume that {a;;} and {b;} are continuous on K. Let Q =
C([0,00) : K) be the space of all K-valued continuous function de-
fined on [0,00). A probability P on (2, F) is called a solution of the
(K, L, p)-martingale problem if it satisfies the following conditions,

(1) P(p(0) =p) = 1.
(2) denoting My(t) = f(p(t)) — [y Lf(p(t))ds, (M;(t),F;) is a P-
martingale for each f € C’ 2( ).

The diffusion process describes the time evolution of distributions of
the random partitions. We will deal with an n locus model in which
mutation and gene conversion are taken into consideration. Also ran-
dom partitions of the number n determined by chromosomes with n
loci should be investigated. In this paper, we show that the probability
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of types of chromosomes can be described by the function of rates of
mutation and gene conversion.

2. Main Results

In order to consider an stochastic differential equation for p(t), we
need boundary conditions and regularity condition on the drift coeffi-
cients b;.

[Assumption for b;(p)] : {b;(p)}ies is the set of real functions defined
on K which satisfy the following conditions :

(i) bi(p) > 0 if p; =0,
(ii) > ;e bi(p) = 0 uniformly in p € K,
(iii) there exists a matrix {c¢;;}; jes such that ¢;; > 0 for every i and j
of S, and
bi(p) — bi(p)] <> cilp; — 1.
jes
Suppose that {b;(p) }ics satisfies the [Assumption for b;(p)]. Then p(t)
is unique solution to stochastic differential equation

dpi(t) =) cu(p(t))dBy(t) + bi(p(t))dt, i€ S
kesS

a;i(p) = (0i5 — i)/ Bip;
and B; are independent Brownian motions. Here {5;} is non-negative
constant satisfying that sup;3; < +o0

where

In order to construct the stochastic differential equation associated to
mean vector, we need the following definition.

DEFINITION. A sequence { X7, Xy, -, X, -} of partitions is called
(X1, Xk )-chain if X,y is a consequent of X; by mutation or gene con-
version for each 1 =1,2,---.

We begin with the following Lemma.

= () () (i) -
421 432 dK K-1

Proof. See W. Choi ([2]). O

LEMMA 1.




4 Won Choi

By Lemma 1, the value

g21 432 dK K-1

does not depend on the choice of (X7, Xx)-chain.
Let X be any partition of n and let { X7, Xs,--- , X;,--- } bea ((n), X;)-

chain. Put
Py = H (QJ j+1> , P(n) 1

i1 \di+1
Let
Ki={P = (Px)xes, : ) Px < +oo}

XeS,

for the set S, of partition and define a mapping P on K, called by

probability vector
Px

B ZYPY‘

Consider the solution to stochastic differential equation for Px ()

dPX VBXPX dBX —|—bX P(t))dt, 1€ S (11)

Py

where
bx(P(t)) = bx(P(t)) + cPx(t) + Px(t)(Bx — > Px(t)Bx)

for a nonnegative constants ¢ and Sy satisfying ¢ > (1/2)supxes, Bx-
It was shown easily that the existence and the uniqueness of solutions
hold for the equation (1.1) when the set of drift coefficients {bx(P)}xes,

satisfies the [Assumption for by (P)], not [Assumption for bx (P)].( [2])
Let L; be a second order differential operator on K;

N 92 . )
L= Z aXy(P)—aPX 3 +X€ZS bX(P)—apx

X,YGSn

where

. {(number of elements S,,) x \/BxBy Px(t)Py(t) if S, is finite
Xy =

0 if S,, is infinite.

W. Choi showed that the uniqueness of solution for the (K, Ly, Fy)-
martingale problem holds.([3])
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Consider a partition to be a sequence
X = (x1,29, -+ ,x4) € R
If the partition X has «a; parts equal to i, then we write
X =[1%,2%2 ... n%],

and let a(X) = >, a;. The probability that arbitrarily chosen k objects
from n ones belong to the same kind is determined by the partition X.
Therefore the probability is a function defined on S, and denoted by
Gni. Assume that every mutation and gene conversion are new, and
that each rate of gene frequencies is equal to a(1/N) and b(1/N) per
generation, respectively. Here, N stands for the number of population
and 1/N equals the time of one generation in diffusion models. Let the
set {1, g, - -+, auq } be the collection of ; > 0. We suppose that firstly
mutation occurs successively {a(X) — 1} times. that is,

Xi=(n),Xo=(n—-1,1),--- ,Xa(X):(n—oz(X)—l—l,l,l,--- ,1).

After that, gene conversion occurs successively {n — a(X) — (iqg — 1)}
times.

Then we have;

THEOREM 2. The vector P of stationary distribution of the diffusion
process with operator L; can be written in the form
n 9o

_ n!
P pumy
X «9(9+1)(9+2)---(9+n—1)Hkakak!

k=1

where 6 = a/b.

Proof. The number of genes of each allele is increasing monotonously
and the chain includes the partitions

(n_ (a(X) - 1) - (id_ 1)7id7171>"' 71)7
(n—(a(X) —=1) = 2(ig — 1)ig,ig, 1,1,- -+, 1),

(n_ (Oé(X) - 1) - (aid - 1)(Zd_ 1)77;(17"' 7id71717”' 71)7
(n—(O[(X)—].)—(aid—l)(id—l)—aid_l(id_l—l),id, T 7id7id—17 T 7id—17 17 17 T 71)7
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Since { X1, Xo,- -+, X;,--- } is a ((n), X;)-chain, the equalities

al (X) — 1) a(X)—1n—a(X)—ig+1
HQJJH d—l'H ((1—1)! o —a” b ¢
and
K-1 n . 1 n n
j=1 (la =Dl 3

hold. Therefore we can see that Py is written as follows,

n a _
PX - _)a(X) 1

H?:l Cki!iai ( b

From the Riordan ( [5]), we see that

ZPX: (n—ll)!<%+1)<%+2)'”(%+”_1>

and

_ n! LS

P p—
00+ DO0+2) - (0+n—1) L ke

Let a point X7 = (x1,x9,- -+ , 2y, - ) € S, be fixed and let Yl,Yg, .

be i.i.d. random variables such that P(Y, = j) =z, j =1,2,--
a;(Y) = a;(Y1,Ys, -, Y,,) be the cardinality of

{j : i random variables of Yy, Y5, -- Y, are equal to j}.

The partition
[1a1(Y), 902(Y) ... 7nan(Y)]

induces a probability distribution Pk, .
Then we meet with;

THEOREM 3. The equality

- bk —1)!
X;n Px1Grp(X) = (a+b)(a+2b)--(a+ (k- 1>b)'

holds.
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Proof. First, we note that

Z PX1Gnk(X)

X€eS,
is equal to probability that arbitrarily chosen k£ random variables Y;,,Y;,,--- | Y},
from Y7,Y5, - .Y, take the same values. Therefore we have
Y PoGu(X) =PV =Y, = =Y))
X€S,
=) Px,Gu(X)
XeSy
= Px, ((k)).
By Theorem 2, last probability is
b k! a/b
ala+b)(a+2b)---(a+ (k—1)b) k
and we can see that Theorem 3 holds. O

Theorem 3 can be applied to many population and evolutionary ge-
netic models. We conclude with the average probability of alleles which
occupy xp-loci, xo-loci.

ExAMPLE. The genes are contained in chromosomes. The existence of
two alleles for given character, one inherited from each parent, parallels
the existence of two chromosomes of each kind, also derived one from
each parent. The two alleles for a character segregate in the formation
of the gametes.([1]) The position that a gene has in a chromosome is
known as its locus.

Letting £k = 2 in Theorem 3, there exist alleles which occupy x;-loci,
xo-loci and the average probability of genes at different loci on one chro-
mosome is

b
a+b

This means that the average probability of genes at different place on one
chromosome is determined by the ratio of gene frequency of mutation
and gene conversion and this probability is approximately the quotient
of ratio of gene frequency of mutation and gene conversion.

We apply this theory to Mendel’s experiment. In Mendel’s experi-
ment, Mendel studied the inheritance of seed shape by crossing plants
yielding round seeds with plants yielding wrinkled seeds. Contrasting
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traits, such as the roundness or wrinkling of peas, are determined by
gene. In this case, if a is the ratio of gene frequency of mutation and
b is the ratio of frequency of gene conversion, then the probability of
roundness or wrinkling at different place is

b
a+b
If the rate of frequency of mutation approach 1, probability of genes at

different place on one chromosome is approximately 1 and it is meant
that genes at different place on one chromosome certainly occurs.
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