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SUMMARY

A population with u deleterious mutations per genome per generation
is considered in which only those individuals that carry less than a critical
number of k mutations are viable. It has been shown previously that
under such conditions sexual reproduction is advantageous. Here we
consider selection at a locus that determines recombination frequency of
the whole genome. The value v = u/y/k has been found to play the
decisive role. When v < 035 the direction of selection for recombination
may be different for different cases, but the intensity of selection is always
very small. The advantage of recombination becomes considerable when
v > 05, its growth under increasing v being approximately linear. If v > 2
no less than 95 % of the progeny are bound to die because of the selection
against deleterious mutations. Since this seems to be too great a mutation
load, we may assume 0-5 < v < 2-0 for any sexual population if mutation
really maintains crossing-over. Results on selection at a locus which
controls mutability provide evidence that v is located within the specified
interval if the physiological cost of a twofold reduction of the mutation
rate is within the range 10-80%. A number of consequences of this
hypothesis about the mechanism of selection for sex and recombination
are discussed.

1. INTRODUCTION

Mutations are the raw material of adaptive evolution. When selection acts only
at one locus accumulation of advantageous mutations may be rapid. The rate of
simultaneous evolution at many loci is limited by its 'cost' (Haldane, 1957), but
under truncation selection this restriction is not essential (Kondrashov, 19836).

The vast number of mutations, however, are deleterious and must be eliminated
by selection. In every generation a few new mutations may appear in the genome
(Mukai, et al., 1972). Their elimination with selection acting independently at
different loci would result in the death of a large proportion of the progeny. Under
'truncation' selection when only individuals having less than some critical (k)
number of mutations survive, mutation load is substantially less (Kimura & Crow,
1979). The efficiency of such selection is high only in sexual populations, which
may explain the maintenance of sex in nature (Kondrashov, 1982) independent
of population number, environmental conditions (Maynard Smith, 1978) or
inbreeding level (Shields, 1982).
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Since sexual reproduction has no genetical effect without recombination, it seems
natural that selection against deleterious mutations should maintain a sufficient
recombination frequency (Crow, 1970, 1983; Feldman, Christiansen & Brooks,
1980). Recombination requires genes of two types: those coding for certain DNA
metabolism enzymes, and some certain nucleotide sequences (recombination
promotors) in which the process is initiated (Whitehouse, 1982).

The genes of the first type define the total recombination frequency, while those
of the second type influence only their location. The exact recombination frequency
at a given region of the genome may also depend on many different loci (Chinnici,
1971) as well as on the environment (Dishler, 1983). Genes of the first type are of
special interest here because if selection does not create and maintain molecular
mechanisms of recombination the latter will by no means exist.

We are going to investigate selection at such a locus, assuming that all other
loci are situated in one (Section 2) or several (Section 3) chromosomes. The results
allow us to suggest parameter values of the mutation process. In Section 4
selection on a locus controlling the mutability of the genome is considered.

2. RECOMBINATION IN A ONE-CHROMOSOME GENOME
The effect of the mutation process on recombination frequency was studied by

Feldman et al. (1980). They consider three loci A, B and M, situated in that order
in the same chromosome. The first two define the fitness of the individual and
deleterious mutations may occur there. The third one, with alleles M and m,
controls only the frequency of recombination between A and B, with m increasing
it. Recombination frequency r between B and M does not depend on genotype.
If the difference in fitness between individuals with one and two mutations is not
less than that between those with 0 and 1 mutations (an analogue of truncation
selection), allele m is advantageous under small r, and with the rise of r it may
become maladapted (under some parameter values this happens with r > 0-5). We
are going to consider evolution of a locus which determines total recombination
frequency and its effect on the population, under similar assumptions.

(i) Model

As before (Kondrashov, 1982), consider a large population with discrete
generations having the life-cycle: mutation-mating-recombination-selection-
mutation, assuming that selection works at the haploid stage. An individual
genome contains a large number of loci subject to mutation, recombination and
selection. Neglecting the loci situated near M, let us assume a coefficient of
recombination r between M and all other loci of 0-5.

Mutations occur independently at all the loci, except M, with the rate u per
genome per generation. Individuals carrying k or more mutations die. Later on,
an important role will be played by v = u-\Zk~x. A definite number of crossovers
(I) occur randomly in the zygote. With 1 = 0 linkage is complete, and with I = oo
there is free recombination. Locus M alleles will be designated as Mt according to
the number of crossovers induced by them; allele Mm is designated as m. In every
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case the population will contain only two alleles: m and one of Ml and it is assumed
that one of them is dominant. As before, the frequency of individuals carrying i
mutations before mutation, recombination and selection will be designated as qt,
q't, q'[, respectively. For frequencies in the next generation capital letters will be
used; the symbol ~ defines stationary distributions. Let the frequency of allele
M1 in individuals carrying i mutations be pt, p't and p"it respectively; and the
frequency of individuals with i mutations among the ones having allele Mt be yt,
y't and y%. This means, e.g., that yi = ptfiP'1, where p = 2>p(qi is a frequency of Mt

in the population. Fitness of an individual with i mutations is determined by
Sj = 1 — (i/k)a, where a = 1, 2, oo correspond to linear, intermediate and threshold
selection (Kimura & Maruyama, 1966; Kondrashov, 1982). The proportion of vi-
able progeny, i.e. the value of Yii<kq'lst = w, will be called the average population
fitness.

(ii) Qualitative considerations

Let a stationary population with threshold selection first contain only allelle m.
Then the model is identical to that of the previous paper. Assume that a rare
dominant allele Mo appears randomly in some generation after mutation. p\ = e,
or in other terms, y\ = q't. What would its fate be? As there is no recombination
in zygotes Mom, y'[ = y\ = qt. On the other hand, as allele Mo is rare and its effect
on the population is small, q\ = q[. Consequently, the frequency of Mo will rise in
the next generation if

&. (i)

As recombination does not change the average mutation number per individual
but just increases its variance, so that Eqt = Eqiy Vq^ < Vq'l, where E and V denote
the mean and variance of the corresponding distributions of number of mutations,
respectively. Assuming all the distributions to be symmetrical, one may conclude
that (1) is valid if most of the individuals escape the threshold, i.e. if Eqt < k— 1
(for illustration see Fig. la). Reasonably, because of symmetry, this implies
w > 0-5; in this case allele Mo will spread. In the opposite case when Eq't > k— 1
(and w < 0-5) the increase of variance due to recombination raises the proportion
of the survivors (Fig. 1 b) so that allele Mo is maladapted right after its appearance.
The same may be said about any allele Ml because restriction of recombination
always results in Vy^ < Vq%.

Since Vyl < Vql, the same selection will lead to a smaller decrease of mutation
number in individuals with Mt that in those with m. I t follows that EYt > EQf,
i.e. in the next generation already, allele Ml will meet a loaded genetic background.
The decrease of Mt fitness will be the greater the smaller r, ke. the more Mt is
connected with the consequences of its action.

Consider a rare dominant allele M0 with r = 1. In fact, r < £, however, this
limiting case is instructive. If r = 1, the heterozygote Mom always transmits to
its offspring an allele Mo obtained from one of its 'parents' together with all other
loci from the other parent. Then after recombination Mo will always appear in a
genome that has been subjected to free recombination in the previous generations.
Therefore the frequency of Mo grows steadily under w > 05. This growth will lead

https://doi.org/10.1017/S0016672300026392 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026392


202 A. S. KONDRASHOV

to a decrease of w. Mo fitness may then decrease, which would result in
polymorphism. If w < O5 then allele Mo is always ousted.

Under r = 0-5, the rare dominant allele Mo is located with probability (05) n in
a genome that has been congealed for n generations. As will be shown later, this
leads to a decrease of Mo fitness under given w as compared to the r = 1 case, though
these cases are qualitatively identical.

Fig. 1. Threshold selection. The critical numbers of mutations (k) are indicated by the
vertical lines. The two distributions (fltf2) have equal means and Vflt < Vf2(. (a) k = klt
i.e. the truncation point is to the left from the mean of the distributions. The growth
of variance here leads to the increased proportion of the surviving individuals. (6) In
the opposite case of k = k2, 2 fu > £ /2(.

i<k i<k

Mutation number

Fig. 2. Similar to Fig. 1 but selection is linear. Here "EiS(fu = SSJ/J , .

I t is interesting to see whether allele m can be completely eliminated. If this
happens then the population in fact will become asexual, and w = e~u in the
stationary state (Kimura & Maruyama, 1966; Kondrashov, 1982). After selection
all individuals will carry exactly k— 1 mutations. Let allele m appear with low
frequency. Then in some zygotes recombination will occur. If the variance of
mutation number in sexual progeny is large enough, then the probability of
survival of these zygotes' offspring is about 05. Thus the frequency of allele m may
grow if e~u < 05 . Its fitness would further grow a little because it should appear
against a better genetic background. Therefore, a fixation of allele Mo may be
expected to be under u < —In(05) =* 069.
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The above refers to threshold selection. In the opposite case of linear selection,
Vy'l < Vq'l will not result in a difference in survivability of Mo and of m individuals
(Fig. 2). Hence, allele Mt will never enjoy a short-time advantage through reducing
recombination. Since EYt> EQU as before, allele Mt may be expected to be
eliminated under all conditions.

(iii) Equations

Under >pi = 0 the model repeats the one previously described, (Kondrashov,
1982). It is more complicated in the general case, but the approach to formulating
the equations remains the same. The mutation process is described by:

For the offspring from mating between individuals with g and h mutations with
I crossovers in the zygote, the frequencies of individuals with i mutations will be
bi(g, h, i). Obviously,

(3)

boa(g + h,i) = j (0-5)* (0-5)"+A-*C« +h.i^

\0;i>g + h,

bo(g, h,i) = [ 0-5, i = g or i = h,

[ 0; other i,

Under 0 < I < oo, function bt and its derivation are presented in the Appendix,
under the assumption that mutations and crossovers are randomly distributed
along the chromosome (see also Fig. 3). Although in nature the number of
crossovers in zygote is a random variable, we assume this number to be determined
by the genotype. After random mating and recombination, we have

4 ] , |

Pi = ( ) 1 I ' L ' ' [ 0 5 b ( + ) + b l j

where bt indices are omitted, x = oo if m is dominant, x = I if m is recessive,
«i = (1-Pff) {i-p'h)'a2=Pg(i-Ph)'a3= (l-Pg)Ph>a*=P'gP'h- After selection

Qi = q"islw-1; Pt=pl (5)

In the same way, more than two alleles of M, incomplete dominance, r = 0, and
the case of r = 1 under dominant Mo may be considered. Calculations were made
on an ES 10-40 computer.

(iv) Results

The quantitative investigation allows us to suppose that selection at locus M
depends on the value of w. Computation results are given in Fig. 4. Threshold
selection, besides, allows an analytical estimation. Let mutations at different loci
be distributed independently after recombination. Then q"t under large k may be
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Fig. 3. Function bt{g, h, i). Compare it with bx (g + h, i) for g + h = 10. (a) g = h = 5.
In the order of maximum increasing: b^; I = 31, 15, 7, 3, 1. (6) I = 3, g + h = 10. In the
order of maximum increasing: g = 10, 9, 8, 7; 6^; g = 6, 5.

regarded as normally distributed, withift^' ^ Vql ^ k. Since theselection differential
of a stationary population is u, we have

F(W)W~X = —pr = V,
VK

which follows from equations (11) and (16) of Kimura & Crow (1978). Here F(w)
is the ordinate of a standard normal distribution at a point with the area under
the plot to the right of it equal to w. I t is clear from Fig. 4 that our assumptions
lead to but a small overestimation of w.

Let v* be the value of v under which fixation for allele m replaces polymorphism
of locus M. Stationary frequencies of recessive (a) and dominant (b) alleles M under
threshold selection are presented in Fig. 5, for k = 20, r = 05 . Evidently, v* ^ 0-35

https://doi.org/10.1017/S0016672300026392 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026392


Deleterious mutations as an evolutionary factor. I 205

Fig. 4. Dependence of w of a stationary population with free recombination on v. (a)
Analytical estimation; (6) threshold selection, k = 20; (c) threshold selection, k = 80;
(d) intermediate selection, k = 20.

1 0 T

8" 0 - 6 - •

55 0 - 2 - •

Fig. 5. Stationary frequencies of alleles Mo (1), M1 (2), and M2 (3). (a) Ml is recessive;
(b) M} is dominant.

https://doi.org/10.1017/S0016672300026392 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026392


206 A. S. KONDEASHOV

in all cases. Under the same conditions, but with k = 5 and k = 80, the value of
v* remains practically unchanged. On the other hand, for k = 5, 20, 80 fixation
for Mo replaces polymorphism with values of u close to 05 (data not presented),
which is also in line with the qualitative conclusions.

The average fitness of a stationary population polymorphic for allele Ml is within
the range of 0-73-0-77 under any value of v. With v gradually decreasing, the
population fitness starts growing only after fixation of Ml (data not presented).

In a hypothetical case r = 1 (Section 2ii) v* = 0-51. For such a v the mean fitness
of a population with free recombination is 0-61. The difference between the
observed and the expected (w = 05) critical value of w may be due to disequilibria
between mutations remaining after recombination, which lead to Vq'f < Eq[.

Polymorphism zones with I 4= 0 are narrow, because in this case even fixation
of allele Mt would not result in any considerable decrease both of Vq'l and w. For
u = 2 and k = 20, the average fitness of a stationary population with fixed allele
Mt is 0135, 0-619, 0-639, 0-650, 0-656, 0662 when 1 = 0, 1, 3, 7, 15 and oo,
respectively (results for 1 = 0 and I = oo are from Kondrashov, 1982, tables 1 and
2)-

Under intermediate selection the results are similar to those under threshold
selection but for v* m 0-1. Under linear selection, as well as with r = 0, allele Mt

is always ousted from the population (data not presented).
The intensity of selection at locus M is of an even greater interest than the

stationary frequencies of the alleles. To determine the former one must describe
the changes in distribution of allele Mt over the population. However, instead of
pt we shall take only p, the frequency of allele Mt. Numerous data show that under
any initial rpi its shape rapidly tends to ' stationarity', and the latter changes slowly
with the change of p. Therefore, soon after the beginning of the experiment, pi in
fact is determined by p.

To describe selection the 'gametes' may be assumed as having various fitnesses.
Let Wo and W1 be the fitnesses of haploid individuals m and Mt. Then

p_
wlP+wo(i-py [O)

The relative fitness of allele m can be found through the change of its frequency

P(i-Py [ '

Although selection works at the haploid stage, locus M operates in the 'zygotes',
so that the viability of a haploid individual depends on what zygote it originates
from. On the other hand, when r = \ the viability of the progeny of a zygote with
specified genotype at locus M does not depend on which allele they have at this
locus. Consequently, the fitnesses of zygotes here describe the selection completely.
Since mating is random,

+ 2Wolp(l-p)+Woo(l-p)*

https://doi.org/10.1017/S0016672300026392 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026392


Deleterious mutations as an evolutionary factor. I 207

0 95-

11
13

10

Fig. 6. Relative fitness of TO with rare dominant Mt. Threshold selection: k = 20,1 = 1
(1>;/ = 3(2) ; / = 7 (3); A = 5, / = 1 (4); I = 3 (5); I = 7 (6); I = 15(7); i = 31 (8). Linear
selection; k = 20; / = 1 (9). Threshold selection: I = 0, k = 5 (10); k = 20 (11); k = 80
(12). Intermediate selection. I = 0, k = 20 (13). In (a), (b) and (c) scales are different.
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where W1V W01 and Woo are fitnesses of zygotes MlMl, Mlm and mm. They reflect
the viability of progeny and are described as

Wu = p-iT,gTlhq'gq'h'Li8iblai;

W01 = '

The experimental data show that fitnesses of zygotes depend little both on the
frequencies of the alleles at locus M and on which of the alleles is dominant. The
values of Wx and Wo, on the contrary, depend greatly on these factors. This fact
made us use the zygote fitnesses to describe selection. In the case of a rare dominant
allele Mt, presented in Fig. 6, the relative fitness of allele m, Woo/ W01 equals WJWX.

I t is shown in Fig. 6 that, with v < 0-35, when the direction of selection at M
depends on st, its intensity for I =# 0 is very small. With large v, allele m enjoys
an advantage which is little dependent on st and grows approximately linearly with
increasing v. Under a given v it grows with k and is inversely proportional to 1+ 1.
Relative fitnesses of Mt m and mm, W01/ Wu and Woo/ W1Y decrease but slightly when
the frequency of allele m increases (data not presented).

3. SELECTION FOR RECOMBINATION IN SUBDIVIDED GENOME

Recombination in eucaryotes is known to be due to two mechanisms: independent
segregation of non-homologous chromosomes, and crossing-over. It is reasonable
to suppose that consideration of a single chromosome leads to an overestimation
of selection at locus M. A complete description of the distribution of mutations
in a population of individuals with L chromosomes each will require C\jJrk_x values,
which makes the above approach impossible. Therefore, we performed a Monte-Carlo
simulation with a population of size 2000.

(i) Model

The program simulated a population of haploid individuals with discrete
generations. Their life-cycle remained the following: mutation—mating—recombina-
tion-selection-mutation. The computer memory stored genotypes of all the
individuals of the given generation. Every genome was described by a set of L+1
values. The first L values were the numbers of mutations in the respective
chromosomes of an individual, while the {L+1 )st number denoted an allele of locus
M in a separate chromosome that determined the crossover frequency.
Recombination in this model was set by two numbers: L and the number of
crossovers in each chromosome, I. The allele causing I was designated as fit to
emphasize its difference from allele Mv Allele /tm retained the designation m
because it leads to free recombination as above.

All chromosomes were assumed to carry equal proportions of the genome, so that
after mutation the number of mutations in every chromosome increased by i with
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probability e~UIL{u/L)i{i\)~1. Then individuals mated randomly, each individual
mating only once. If there was no crossing over in a particular zygote, an offspring
received one chromosome from each pair of its parents' homologous chromosomes.
With I crossovers per chromosome, offspring had i mutations in the respective
chromosome with probability bt(g, h, i), assuming that one of the parents'
homologous chromosomes carried g mutations and the other h. All matings had
equal fertility, which resulted in from 6 to 50 offspring in different experiments.

Table 1. Selective coefficient of allele m when alleles m and /i0 are present

L k = 5 fc = 20 fc = 80

1
2
4
8

16

1
2
4
8

16

1
2
4
8

16

-004 -008
-002 -003
-001 -001
-001 0

0 0
it = 0-2

+ 0-16 +005
+ 008 +0-02
+ 004 +001
+ 002 0
+ 001 0

u = 8-0
+ 217 +204

— +105
— +0-47
— +0-25
— +009

- 0 0 3
- 0 0 2
- 0 0 1

0
0

- 0 0 5
-0-02
- 0 0 1

0
0

+0-64
+0-35
+017
+ 0-08
+0-04

When progeny formation was complete, all individuals with k or more mutations
were eliminated. Under non-threshold selection individuals died with probability
1 — Sp where j was the mutation number in the genome. Then some individuals were
randomly eliminated, so that the rest should not exceed 2000. Fertility was
adjusted to minimize the number of excess individuals and, on the other hand, so
as not to let the population die out. The model was run on an ES lOr-40 computer.
Pseudo-random numbers were obtained using the URAND standard program.

Each experiment lasted 25 generations, in each generation average numbers of
the survived progeny of zygotes fii/it, fiim and mm were taken as their fitnesses.
The average fitnesses for generations 11—25 were recorded, when presenting the
result of the experiment. With measurable intensity of selection W01 proved to be
close to Wn if /tj was dominant, and close to Woo if [it was recessive. In the first
case, therefore, we adopted the value of the [ Wm/\( W01 + W^)]— 1 and in the second
the value of [£(J^,!+ W^/W^ — i as selection coefficient of allele m.

(ii) Results

The data of Tables 1 and 2 were obtained by averaging out the results of at least
10 experiments. Their 95% confidence intervals were calculated employing
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Student's ^-distribution. Its width was about 002 with u = 05, u = 20 and u = 80
when k = 80. Under u = 8, k = 20 it was 04, 015, 0 1 , 01 , when L = 2, 4, 8, 16,
respectively. This difference is due to the fact that the variance of the experimental
results increased when u = 8, k = 20 because of the reduction of the 'effective
number' of the populations.

Table 2. Selection coefficient of allele m under u = 8, k = 20 when alleles m and fit

are present

L 1=0 1=1 1=3 1=1

1
2
4
8

204
105
0-47
0-25

0-40
015
011
007

0-22
011
005
006

014
007
004
006

Table 1 shows the selection coefficient of allele m when m and /i0 are present in
a population under threshold selection. The initial frequency of the recessive allele
/i0 was 80%. The results for L = 1, presented for comparison, are calculated with
the method of the above section. It is clear that, under the same conditions, the
directions of selection in this and the previous models coincide (Fig. 6 and Table
1). However, the difference between the fitness of alleles /i0 and m with some L
is always slightly more than that of alleles Ml and m with I = L—l. This may be
due to the difference between the models, and may also be explained by the
assumption that recombination due to mixing L congealed chromosome of the
same length is not so effective, as that which is due to L— 1 crossovers occurring
at random points of a single chromosome containing the whole genome. We found
it impossible to test this assumption by considering the average fitness of
population fixed for allele /i0, because of the rapid operation of Muller's ratchet,
i.e. the random loss of mutation-free chromosomes. However, with L = 1, I 4= 0
and threshold selection, the advantage of allele /it (Table 2) approximates the
results of the previous section for alleles Mt. This may mean that, under identical
conditions, these models produce similar results. Neither the differences in allele
frequencies, nor the fact that allele m was recessive in the experiments presented
in Fig. 6 and dominant in those of Table 1 are likely to explain the difference, as
numerous results show that the role of these factors is not essential. On the other
hand, it was assumed for the derivation of bt that mutations were distributed along
chromosomes randomly, which could have resulted in a slight overestimation of
recombination frequency. Whatever the causes, the differences between the results
of Fig. 6 and Table 1 are only quantitative.

The results of Table 2 show that the advantage of m over fiQ is far greater than
that over /ix. For L > 1, allele /il is subjected to selection which is similar to that
of the case of L = 1 for allele ML^V>_1. Under intermediate and linear selection
with v < 035, selection at locus M is practically absent. When v > 0-35 it was
slightly weaker than under threshold selection, which is in line with the results of
the above section. For example, with intermediate selection, k = 80, L = 4, the
advantage of m over fi0 was 0006 + 0008; 0023±0006; 0045 + 001; 018 + 008
under u = 1-8, 30, 4-5 and 8-0, respectively, i.e. under v close to 02, 033, 05
and 10.
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The zones of parameter values for which selection should establish polymorphism
of alleles /it under all I with L > 1 seem to have been as narrow as previously with
I 4= 0; at least an alteration of the direction of selection at locus M was never
observed when the allele frequencies were changed.

4. EVOLUTION OF THE PARAMETERS OF THE MUTATION PROCESS

The significance of v for the evolution of recombination suggests a consideration
of the evolution of v.

Fig. 7. Relative fitness of the rare allele A2. k = 5 (1); k = 20 (2).

(i) Model

Let recombination be free in all zygotes; instead of the locus M, consider a locus
A with alleles Ax and A2 controlling total mutability of the genome. In haploid
individuals carrying allele Alt there occur u mutations per genome on average, and
in the ones carrying allele A2 there are 2u mutations. In other ways, the model
repeats that of Section 2. Allele A2 frequencies among individuals with i mutations
will be Pi, p't, p"t, respectively. Mutation and recombination are described by:

(2')

p't =

Selection is described by the equation (5).

(ii) Results

Relative fitnesses of rate allele A2 in relation to A1 under threshold selection with
k = 5, k = 20 were calculated by (7) and are presented in Fig. 7.

They are practically uninfluenced by the type of selection and allele frequencies
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(data not presented) and depend mainly on the value of v. In contrast, in asexual
populations the relative fitness of clones with mutabilities 2u and u is always e~u

(Kimura & Maruyama, 1966; Kondrashov, 1982).

5. DISCUSSION
In small populations, selection against deleterious mutations is known to

provide an advantage for recombination due to Muller's ratchet (Maynard Smith,
1978). Our results confirm the view that under synergistic interactions among
mutations, recombination is advantageous in large populations as well (Crow, 1970,
1983; Feldman et al. 1981; Kondrashov, 1982). When v < v* an intermediate
frequency of recombination is established and when v > v* free recombination has
an advantage. One might conclude that a great variability of recombination in
nature (Maynard Smith, 1978) means that actually v < v*. We would rather accept
a different view that selection against deleterious mutations is essential for the
evolution of recombination only when v > v*. There are three arguments for this:

(1) Polymorphism at locus M can be maintained only in a narrow spectrum of
conditions: either with threshold selection or with a small v and intermediate
selection.

(2) A zone of polymorphism is only wide with allele Mo. Such a situation is
artificial, as even two chromosomes are sufficient to make allele /i0 behave not like
Mo but more likely M1 (Section 3). As the polymorphism zone of locus M for L 4= 0
is narrow, selection in a multichromosome genome would either maximize cross-
over frequency or lead to its extinction.

(3) Under any conditions (except L = 1) selection at locus M under v < v* is
weak (Fig. 5, Table 1). Since crossing over has physiological disadvantages (Tucic,
Ayala & Marinkovic, 1981), to exist at all it should be maintained by a considerable
selection pressure, present only when v > v*.

Thus, we presume crossing over frequency to be a compromize between its
genetic advantage and physiological harm, which does not contradict its great
variability. There is evidence (Charlesworth & Charlesworth, 1976) that after a
break in crossing over for one generation the progeny appear with an enhanced
fitness. Our results (Section 2ii) account for a stable existence of crossing over in
such a population.

Selection for a further increase of recombination frequency is much weaker when
allele /tx and not fi0 is present (Table 2). This is in line with the fact that different
eucaryotes have on average 1 cross over per chromosome regardless of the number
of chromosomes and the size of the genome (Perkins & Barry, 1977).

According to the Karlin-McGregor principle (1974) the evolution of modifier
genes goes in such a way as to increase the average fitness of population. Evidently,
a stable existence of alleles Mt or /it maintained by population factors contradicts
this condition. However, if in nature v > v*, then the Karlin—McGregor principle
is in fact valid in this case.

Our results show that mutation can provide a considerable advantage for
recombination when v > 05 (or at least v > 03). Can these values of v be realistic ?

Experimental data on the values of u and k are not abundant (Ohta, 1976).
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Indirect evidence that follows from molecular experiments (see Kunkel & Loeb,
1981), from measurement of single loci mutability (Mukai & Cockerham, 1977; Neel
& Rothman, 1978; Neel, Mohrenveiser & Meisler, 1980) and from estimation of the
evolution rate of nucleotide sequences (Li, Gojobori & Nei, 1980; Miyata, 1982)
can only provide the upper limit of u, as it remains obscure what part of the genome
is functioning. If we assume the rate of neutral substitutions, as well as the
mutation rate equal to 1 x 10~8 per base per year (Li et al. 1980; Miyata, 1982),
then, with a generation of man lasting 20 years and his genome having 5 x 109 base
pairs, one can conclude that u < 1000. Recent data also indicate a very high
molecular variability (Kreitman, 1983). This suggests that k is large and selection
against individual mutations is very weak (Langley, Montgomery & Quattlebaum,
1982).

Before discussing the result of direct measurements (Mukai et al. 1972), note that
in our model the coefficient of selection against a single deleterious mutation is
s = u/k, assuming that the population is stationary, and the number of mutations
per individual in close to k (Kimura & Maruyama, 1966, equation 1.9). Then
v2 = us. Mukai measured the rate of mutations in chromosome II that reduce
preadult viability of Drosophila melanogaster (u'u) and their individual effect on
viability in the homozygous state (s'hom). By his method, u'ns'hom and less precisely,
u'n and s'hom, separately, could be estimated. He found that u'us'hom cz 0004. In
nature these mutations are probably selected against in heterozygous state (Crow,
1979) where those effects (s') are about a half of s'hom (Mukai, 1980). On the other
hand, as the single second chromosome comprises about one-sixth of a diploid
genome, the rate of such mutations per genome (uf) is approximately 6. u'n. Hence,
s'u' m 0-012, which would suggest o ^ O ' l .

There is some evidence that us' was underestimated because of incomplete
dominance of Cy chromosome (Mukai, 1980) and because of residual selection in
the course of the experiment (Simmons et al. 1980). Note that the additive viability
variance in nature is much greater than that predicted by Mukai et al. (1972) (see
Mukai, Kusakabe & Tachida, 1983). But the central point is that Mukai measured
only preadult viability neglecting the other components of fitness: longevity,
mating success and fertility, which may have a much greater effect (Simmons &
Crow, 1977). Then u' should be less than u, as there are mutations that affect fitness
without changing viability; and s' should be less than s, as mutations that reduce
viability may reduce the other components of fitness as well (Simmons et al. 1980).
A most reliable estimate, s^ 002 — 003, follows from the data on inbreeding
depression (Crow, 1979). With such an s,u should be more than 10 to satisfy v > 05 ,
and more than 4 to satisfy v > 03 . The data available do not seem to contradict
these values of u, taking into account, particularly, that an excess of slightly
deleterious mutations is possible (Mukai et al. 1972). Our models assume the effects
of all mutations to be equal. Thus, we presume that considerable theoretical and
experimental work is needed to find whether the parameters of the mutation
process correspond to the condition advantageous for recombination. The same
refers to the type of selection against deleterious mutations (Crow & Kimura,
1979).

Data of Fig. 4 show that when v = 2, even under a most effective threshold

8-2
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selection and free recombination 95 % of the progeny surviving random elimination
and other forms of selection will have to die in the process of selection against
deleterious mutations; note that when v = 3 mutation load is 996%. This
conclusion appears to be robust and does not depend on the mode of selection for
recombination. It is very unlikely that a population can overcome such a mutation
load. Therefore we presume that if mutation does maintain recombination, the
O5 < v < 2-0. I t is clear that such an ' invariance' of v may appear only due to
the action of appropriate selection.

I t is shown in Fig. 7 that selection for a decrease of mutability increases rapidly
with the growth of v: when v = 025 the relative fitness of A2 is 90%, and when
v = 20 it is only 20%. Reasonably, if the difference in fitness of individuals
carrying alleles A2 and Ax is more than 10%, then with v = 0-25 allele Al is
eliminated and v grows to 05. Though this consideration does not claim to be strict
it allows us to conclude that if the physiological cost of reducing the mutability
twice is within the range of 10-80%, then 05 < v < 2-0. Unfortunately, experi-
mental estimates of this cost are unknown to us, though the molecular mechanisms
of mutability reduction are known to be complicated (Krutyakov et al. 1983).

Our results suggest, in contrast with the conclusion of Leigh (1973), that
selection for reducing the mutability is stronger in an asexual than in sexual
population. This is in accord with the fact that procaryotes in whose populations
sexual reproduction does not play an important role (Selander & Levin, 1980) have
a smaller value of u than eucaryotes (Maynard Smith, 1978). This may give an
advantage in adaptation to eucaryotes. However, useful mutations are hardly
likely to play an essential role in evolution of mutability (Leigh, 1973).

If the size of the genome increases, v must stay in the range of v < 2-0 (3-0). It
is clear that there are two ways to reach this that are not mutually exclusive.
Mutation rate per base pair may decrease. The fact that mutability of single loci
of man is lower than that of Drosophila in spite of the higher body temperature
and higher number of DNA replications per generation (Neel et al. 1980) seems to
support such a possibility. On the other hand, if a further decrease of mutation
rate per nucleotide is connected with the high cost, the only possibility that
remains is the growth of k, as increasing resistance of onthogenesis to deleterious
mutations may be necessary for progressive evolution (Schmalhausen, 1949,1982).

There are three other consequences of our hypothesis concerning selection for
recombination. I t is possible that with a very large k selection for recombination
with the same v is considerably stronger than that obtained here. Still, we assume
that with v < 2 and multichromosome genome this selection is always rather weak.
This limits the possible intensity of selection for linkage disequilibrium, as
recombination load should be considerably smaller than the advantage of crossing
over (Tucic et al. 1981): the lack of linkage disequilibria in nature is hardly
surprising.

If the number of chromosomes in a haploid set is very large, then with any
admissible value of v the advantage of crossing over is small. It may lead to its
elimination, which in the long run decreases the adaptability of the population.
As the increase in the number of chromosomes is a rare event, it may be
counterbalanced by group selection.
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If v > 05 the mutation load is 50 % or more (Fig. 4). As the mutation component
of mortality is likely to be less than 05 (Crow & Denniston, 1981), it follows that
in a sexual population females must produce 8—10 offspring minimum.

We think that the suggested hypothesis is a reasonable answer to the question:
Why does the genome not congeal? (Turner, 1967). However, more experimental
data is needed to confirm it with all its consequences.

The author is obliged to A. D. Bazykin, M. V. Mina and A. S. Rozanov for helpful discussions,
to A. B. Kirillov for mathematic support, to Natasha Kondrashova for the translation, and to
the referee for many helpful suggestions.

APPENDIX

By Alexander B. Kirillov

Let I = 2n—l; this means that the number of crossovers is odd. Consideration
of the I — 2n case is analogous. We thus have 2w — 1 independent uniformly
distributed random variables x1,..., xin_x (i.u.d.r.v.), which cut the interval (0,
1) into 2n parts. Enumerate them from the left to the right: 1, 2 , . . . , In. Let the
location of the ith mutation in the first parent be yi and that of the j th mutation
in the second parent be z^. I t follows from the assumption that they represent g + h,
i.u.d.r.v., independent of a^,..., xin_x. Let us now find 62re_1 (g, h, k, r), the
probability that an offspring receives k mutations from the first parent and r
mutations from the second parent, which is the probability with which k out of
g values of yi are to be in the odd numbered parts of the cut interval (0, 1), and
r out of h values of ẑ  are to be in the even numbered intervals. It is sufficient to
compare the reciprocal locations of points xm, yi and z^ in (0, 1). There are
(2n—1 +g + h)\ of them altogether, and they all have equal probability due to their
symmetry. Next by uniting locations of the points differing in their numbers only,
e.g. x3yiz1x2y1z2 with x1y1z1x3y2z2, into single elementary events, we obtain
p(2n—l, g, h) = (2n— l+g + h)\ [(2n—\)\g\h\yx equally probable locations of
2n— 1 indistinguishable points of a; type, g points of y type, and h indistinguishable
points of 2 type. Consider different locations of k points of y type and h-r points
of 2 type in odd intervals, where an interval is a line between the two closest points
of a; type. We face the analogous problem about the number of different locations
of n— 1 indistinguishable points x, of k indistinguishable points y, and of h—r
indistinguishable points z. The number of these locations is p(n — 1, k, h — r).
Analogously, the remaining even intervals contain p(n — 1, g— k, r) locations.
Therefore

p{n-1, k, h-r).p(n-l, g-k, r)
62n_t (g, h, k, r) = p{2n-l,g,h) "

The function to be found, i.e. bt(g,h,i) (I = 2n— 1) is calculated using
&2n-i (0. h> k> r)- T h u s , bt (g, h, i) = £ f c + r _ A (g, h, k, r).
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