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ON THE PERSISTENCE AND PERVASIVENESS OF A NEW MUTATION

AURORA GARciA-DorADO,! ARMANDO CABALLERO,2 AND JAMES F. CRow3
1Departamento de Genética, Facultad de Ciencias Biologicas, Universidad Complutense, 28040 Madrid, Spain
2Departamento de Bioquimica, Genetica e Immunologia, Facultad de Ciencias, Universidad de Vigo, 36200 Vigo, Spain
3Laboratory of Genetics, University of Wisconsin, Madison, Wisconsin 53706

Abstract.—It has frequently been assumed that the persistence of a deleterious mutation (the average number of
generations before its loss) and its pervasiveness (the average number of individuals carrying the gene before its [0ss)
are equal. Thisis true for a particular simple, widely used infinite model, but this agreement is not general. If hs >
1/(4Ng), where hs is the selective disadvantage of mutant heterozygotes and N, is the effective population number,
the contribution of homozygous mutants can be neglected and the simple approximate formula 1/hs gives the mean
pervasiveness. But the expected persistence is usually much smaller, 2(logs(1/2hs) + 1 — v) where y = 0.5772. For
neutral mutations, the total number of heterozygotes until fixation or loss is often the quantity of interest, and its
expected value is 2N, with remarkable generality for various population structures. In contrast, the number of gen-
erations until fixation or loss, 2(No/N)(1 + 10ge2N), is much smaller than the total number of heterozygotes. In general
the number of generations is less than the number of individuals.
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In 1950 Muller defined the persistence of a new, partially
dominant, deleterious mutation as the average number of gen-
erations that the mutant gene remainsin the population before
elimination. Morton et al. (1956) regarded this as the recip-
rocal of the reduction in heterozygous fitness, asindeed it is
for simple models. Later, it was suggested (Crow 1979) that
it is often more meaningful to ask for the number of indi-
viduals affected by a mutation before it is eliminated. We
shall call this quantity the pervasiveness. It has often been
assumed that, if homozgotes are ignored, the two definitions
lead to the same quantity, although one is measured in gen-
erations and the other in numbers of individuals. The purpose
of this note is to point out that thisis not generally true and
the pervasiveness is often much larger than the persistence.
In fact pervasiveness can never be smaller because there must
be at least one individual carrying the mutant gene in each
generation of persistence. Much of what we report here is
not new, but we believe it has been underappreciated.

A Smple Model in Which the Two Quantities Are Equal

Consider an infinite population with a new mutation whose
heterozygous deleterious effect (hs) is large enough that se-
lection against homozygotes can be ignored. Assume that a
mutant individual will pass a single copy to the next gen-
eration with probability 1 — hs, or none with probability hs.
Then, the probability that mutant gene is transmitted through
generation t but not through generation t + 1is (1 — hs)ths.
Thus, the total number of individuals that are expected to
carry the mutant during this time (the pervasiveness) is

p= 20 [(t + Dhs(L — hs)l] = Lhs. (1)

This is aso the expected number of generations until the
mutant’ s extinction (the persistence), including generation 0,
and it is the reciprocal of its probability of being eliminated
at any particular generation (Morton et al. 1956). Thus, in

this case there is no numerical difference between perva-
siveness and persistence.

A More Realistic Model

The assumption that either a single copy or none is passed
to the next generation is unrealistic. Even for an infinite pop-
ulation, it is more reasonable to assume that the number of
copies, X, that each gene transmits to the next generation is
a random variable, whose average is the gene's fitness. If,
for a new mutant, x is Poisson distributed with mean 1 — hs,
the probability that a single copy mutation is lost in the next
generation is exp[—(1 — hs)], which can be much larger than
hs, especially for small hs. Furthermore, the number of copies
transmitted while the mutant persists can be considerably
larger than one. Therefore, the persistence time is expected
to be smaller than the pervasiveness.

Still considering an infinite population, assume that at time
t = 0 the mutant had an initial frequency qo, small enough
that selection against homozygotes can be ignored. Under
both the simple model and the more realistic one, the gene
frequency accumulated over all future generations is

E G =
=0 {

Because the ratio of the cumulated frequency to the initial
frequency (2¢.o q/qo = 1/hs) is the same as the ratio (overall
number of copies contributed from t = 0 onwards)/(initial
number of copies), the pervasiveness of a single mutation
continues to be 1/hs. Note that, since we are assuming that
Jo is small enough that homozygotes can be ignored, 1/hsis
also the number of individuals that will be heterozygous for
a single mutation, which we call the heterozygote pervasive-
ness.

For afinite population, Li and Nei (1972), using adiffusion
approximation, showed that when selection against hetero-
zygotes is the leading force (hs > 1/2N,, where N; is the

8

Oo(1 — hs)t = gy/hs. @)
[0}
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TaBLe 1. Numerical values for heterozygote pervasiveness (1/hs),
overall pervasiveness (1/hs)(1 + 1/8N¢hs), and persistence by dif-
fusion and branching methods for various values of hs. In column
3 Nghs is assumed to be 10.

hs p=1hs p = 1/hs(1 + 1/8Nchs) f (diffusion) T (branching)
0.001 1,000 1012.5 13.28 12.64
0.01 100 101.2 8.67 8.13
0.05 20 20.2 5.45 5.16
0.1 10 10 4.06 4.00

effective population size), the heterozygote pervasivenessis
approximately the same as in an infinite population, 1/hs,
whereas the overall pervasiveness, including homozygotes,

is approximately
1 1
—|1+
hs( 8Nehs>

in terms of the number of affected individuals, and

EE—
hs 4ANchs

in terms of number of gene copies. The last term is for ho-
mozygotes. This expression also shows forcefully that in fi-
nite populations 1/hs approximates the pervasiveness only
when hs > 1/4N, so that homozygotes can be ignored.

In contrast, under the same assumption (N > 1/4hs and
assuming N = N, where N is the actual population size), the
persistence time is approximately

f=2|oge(é>+1—y

where y (= 0.5772) is Euler’s constant (Kimura and Ohta
1969). For smaller effective size, the persistence can also be
approximated by a diffusion model as the average number
of segregating sites when there is a single new mutation per
generation (Kimura 1969).

For an infinite population, the persistence can also be ob-
tained in a more exact way, using branching process theory.
The probability of loss up to generation t (l;) can be computed
by numerical iteration as

e = exp[—(1 — I )(1 — h9)]. 4

with initial value |y (e.g., Gale 1990, Ch. 4). Therefore the
persistence can be computed as

©)

M

t=>@a-1. Q)

t=0

Both the diffusion and the branching process results can
be applied to a finite population where the actual population
size, N, is larger than the effective size, N, (see Kimura and
Ohta 1969, Gale 1990, Ch. 4; Caballero et al. 1996).

Table 1 shows, for different heterozygous effects of a sin-
gle new mutant, the pervasiveness p in an infinite population,
in a finite one where N, = 10/hs, and the persistence (f)
calculated by expressions (3) and (4-5). It can be seen that
homozygotes contribute very little to the pervasiveness. Re-
garding persistence, diffusion approximation results can be
obtained without numerical iteration (from 3), and arein good
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agreement with branching process values. It is clear that the
pervasiveness can be much larger than the persistence.

Neutral Mutations

The cumulated frequency of heterozygotes over all future
generations caused by a neutral gene in a finite population
is

= 1 t
SHo=3 Ho<1 - m) = 2NeHo ®)
= e

where Hy is the initial heterozygosity. Thus, in analogy to
Eq. (2), 2N, is the number of individuals that will be het-
erozygous for a new mutant before its fixation or extinction
(for a simple alternative approach, see Crow 1972). At mu-
tation-drift equilibrium, this is also the ratio of the equilib-
rium heterozygosity [He = Hg(1 — 1/2Ng) + H,] to that
introduced by mutation per generation (H,,), that isHJ/H,,, =
2N,. Thisis aso the ratio of the equilibrium genetic variance
to the mutational variance (Lynch and Hill 1986).

The probability of eventual lossis 1 — 1/2N and the av-
erage time until this happens is 2(N¢/N)loge(2N) generations
(for diffusion approximation, see Kimura and Ohta 1969).
As fixation takes on the average 4N, generations (Kimura
and Ohta 1969) the average time the gene segregates in the
population is approximately

1 1 \Ne
~ AN+ (1 - e
t Ne (1 N> 2 loge(2N)

~ 2Nﬁe[1 + loge(2N)], (7)

which can be much smaller than the number of heterozygotes
2N.. In the 1920s Fisher (1930, p. 91), with his usual inge-
nuity, found that the time to fixation or extinction for Ne =
N is 2[g + loge2N] + 0.200645. According to Ewens (1979,
p. 19) for large N this is accurate to at least five decimal
places.

Maruyama (1971) has shown that, remarkably, the value
2N, does not require random mating; it also holds for a struc-
tured population. Furthermore, of the 2N, total heterozygotes,
one-third are those on the way to fixation and two-thirds on
the way to loss, again regardless of population structure (Ma-
ruyama 1972). Thus, the expression 2N, has great generality.

In conclusion, the mean number of generations that a neu-
tral or deleterious mutation remains segregating in the pop-
ulation can be very much less than the expected number of
individuals carrying the mutation before it is fixed or lost.
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