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1. INTRODUCTION

IT has been observed that, under certain circumstances, offspring of geno-
type like their mother have a smaller probability of survival than offspring
of unlike genotype: Palm (1970) gives a summary of cases of maternal
foetal interactions of this type which could lead to histocompatibility antigen
polymorphism. In matings of mice where segregation was taking place at
the a locus (Hull, 1964), it has been suggested that this * autoincompati-
bility ** is an immunological phenomenon and is due to the effects of a histo-
compatibility locus, or loci, on the same chromosome, rather than those of
the alleles at the a locus itself (Clarke and Kirby, 1966). It is know that
the H-3 locus is approximately ten cross-over units away from the a locus
(Snell, 1958; Snell and Bunker, 1964). It has been shown (Hull, 1969) that
certain incompatibility effects are associated with that region of chromosome
V including the H-3and H-13loci (Snell et al., 1967), and that the two strains
in the cross between which the maternal foetal incompatibility was first
noted, differed in this chromosome region (Hull, 1971). In order to obtain
further information on the cause of this incompatibility, the changes in
gene frequency in isolated small populations of mice, derived from the stock
of mice in which the autoincompatibility was first seen, were followed from
generation to generation, and compared with those expected if auto-
incompatibility existed, either at the agouti locus itself or at a closely linked
locus.

2. EXPERIMENTAL MATERIAL

The populations of mice used for this test were derived from a cross of
two inbred strains known as C3Hf/HeHa (wild type at the a locus) and
Hg/Hu (a* and a alleles segregating). From the + a* mice obtained from this
cross three closed populations were set up, either directly from the offspring
of these F; mice or after not more than two generations of +af x + at mating.
In addition to this, two populations were set up later, using mice from the
other lines, surplus to the requirements for their maintenance. The large
cages used to contain the populations of mice were made up from eight
standard 7" x 11”x 4" plastic mouse cages, each provided with food and
water, connected by a system of enclosed wire mesh runs. It was hoped that
this arrangement would allow the mice to come into contact with one another
but allow the loser of any fight to avoid death or serious injury by escaping
from the victor.

Every large cage was examined each day and pregnant females were
removed to individual cages, where they were allowed to rear their young.
The young mice were classified at weaning, when the three phenotypes:
agouti (+ +); agouti and tan (+at) and black and tan (a’a?), could be

201



202 PETER HULL

distinguished. Each mouse of the new generation was numbered by an ear
clip before being weaned at the age of 3 weeks and placed in a new large
cage. Any dead mice were removed immediately they were seen. The mice
were left in the large cage until either all the females had become pregnant
or until 6 weeks after the first female had produced a litter. Then at this
stage all the mice remaining in the cage were discarded.

Frequently the number of mice in the offspring generation was from two
to three times the number of mice which had been put in the cage as potential
parents. To keep a fairly constant number of parents (at least 25), the mice
were reduced in number by retaining only every second or every third mouse
of each genotype of each sex, in order of age, in these generations. If fewer
than 25 mice were available for any line, it was discontinued.

Changes in gene frequency were followed from generation to generation
and compared with those expected in a population of the size of the particular
generation. It was considered reasonable to calculate the relative genotypic
frequencies among female parents from fertile females only, i.e. those which
produced a viable litter and thus contributed to the next generation. There
was no way of knowing which males mated. These facts will be considered
when the results of the experiment are examined in detail. The experiment
was terminated after nine generations in the two longest established lines as
the facilities for keeping the mice were no longer available.

3. ANALYSIS OF RESULTS

Using a computer and given any set of male and female parents in any
one generation, the expected gene frequency, with a particular type of
selection, in the next generation may be calculated. It is also possible to
calculate, knowing the number of offspring (k) produced in this second
generation, the probability of the production of all possible sets of offspring,
e.g. a set of [katat], a set of [(k—1)atat; 1+at], etc., and from these we may
then combine the probabilities of those sets of offspring, each of which would
give rise to the same gene frequency of the + allele, pp, in this second
generation. From this frequency distribution of probabilities it is possible
to calculate, for each generation, the total probability of a shift in gene
frequency as extreme as, or more extreme than, that actually observed.
Each generation of mating and selection is a replicate of every other, with
the same selective forces, the only difference being in the array of parental
genotypic frequencies. If the probability of the observed gene frequency
shift in the jth generation is transformed to x;, (x; being given a positive
value for a gene frequency of the at allele greater than that expected and a
negative value for a frequency less than that expected), then these n values
of x; may be summed, z being the total number of generations of mating and
selection in all five lines, and hence the probability of the total movement in
gene frequency for the whole experiment may be obtained from f;—, =

n
ij/\/ n. A very low total probability would then suggest that the
i=1

assumptions made about the selective forces, mating behaviour or some
other aspect of the experiment involved in calculating the expected gene
frequency in each generation was invalid.

The analysis was performed three times; the overall probability of the
observed gene frequency changes was calculated, assuming random mating:
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(a) with no selection;

(b) with autoincompatibility;

(c) with autoincompatibility at a locus 10 crossover units from the a

locus.

Taking specific examples, if among the parents:

Dy = frequency of + + @ mice; Dy, = frequency of + + & mice;

H; = frequency of + a'Q mice; Hp, = frequency of + a3 mice;

Ry = frequency of a’a*Q mice; Ry = frequency of atat3 mice;
and Dy+Hy+ Ry = D+ Hp+Ry = 1, then the expected gene frequency
among the offspring may be calculated as follows:

In case (a), where there is no selection, the expected frequencies D, H,

and R, of the three genotypes + +, +af and atat among the offspring would
be (table 1):
D = DyDn+3¥(DrHm+ HDp) + }HiHp,
R = Rme-l-%(Hme-l-Rme)'f'inHm (1)

H=1-D-R
TasLE 1
Frequencies of matings and offspring produced, with no selection
Type of offspring produced

Type of p A N

mating + + +at atat

Q 3 Frequency D H R
4k X DD DD
+ 4 X +at DsHp 3DsHp, $DsHm
+ + X atat D¢Rm Dy¢Rp,
+atx + + HyDm $HDnm, $HDm
+atx +at H¢Hp $HHpy YHHp tHHn
+ at x atat HiRp $HRp, $HiRp
atatx + + R¢Dp R¢Dp,
atat X +at RyHp $RsHpm $R;Hpm
atat x a*at R¢Rm R¢Ry,

The frequency distribution of probabilities of the 2k+1 different gene fre-
quencies of the + allele g, where b runs from 0 to 2k, with £ offspring, will

then be given by:
2% b2 k!

b=, 2, M=) EFi=0)!
{40

Dt Hb-2iRk+-b @)

Tospeed the calculations it was more convenient to generate by the computer
a table of In x! and to use the form:
2k b2
1= ) Y exp(lnk!'+ilnD+(6~-2i)InH
b=0i =tk
+(k+i—b)In R—Ini!—In (b—2i)! —~In (k+i—b)!) (3)
If we assume, in case (b) that autoincompatibility of the type previously
shown to be associated with the + /at system (Hull, 1964) is directly due to
the alleles at the a locus i.e. that the probabilities of survival of:
+ + offspring from + + mother is 1 ~s5,
+at offspring from + a? mother is 1 ~s, 4)
ata? offspring from a’a® mother is 1 —sg
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then we may replace equations (1) by the set (table 2):

1—
D= DfDm+Dme2—jl+HfDm
-9

25

1 1
2 + Hme‘} — 25y

l—s 1 1
R = Rme+R_me2_—s:+Hme§:';2+Hme4_—2sz
H=1-D-R

The values used were s; = —0:036, s, = +0-191 and s, = +0-307 (Hull,
1964). From (3) the new pj vectors appropriate to this type of selection may
again be generated.

TABLE 2
Frequencies of matings and offspring produced, with autoincompatibility

Type of offspring produced
A

Type of s
mating ++ +at ardt
Q 3 Frequency D H R
+4x++ DD D¢Dm
+ + X +at DsHp D fH’"%E% DmeZTl"
+ + X atat DsRn DysRm
+atx ++ HDp, HyDg HDny=:

1 1- 1
+atx +at HiHn HfH""i_—Ts, Hmez_:: HfH"‘4~2s,
+a¢xd¢a¢ H!Rm HmeE I{me_z_ls

N ]
atat x + + R¢Dn R1Dm
dlat+ x at RiHp, Rme———-z _ls' ReH, m;%::
atal x atat RfRp RRm

In case (c), autoincompatibility due to a gene 10 cross-over units from the
a locus, it was necessary to reduce the autoincompatibility values (4) in each
successive generation in order to simulate crossing over between the coat
colour marker gene and the linked gene, supposedly responsible for the
maternal foetal interaction, before substituting in (5) and (3). As not more
than half of the chromosomes would be expected to be present in hetero-
zygous condition in each generation of random mating, and the a and H-3
loci are about ten cross-over units apart, it is considered reasonable as a
first approximation to reduce the autoincompatibility values (4) to 95 per
cent. of their previous value for every generation which elapsed between the
original cross of the two inbred strains and the generation concerned.

4. RESULTs

The frequency of the af allele in each of the five lines is plotted against
generation in fig. 1. The number of offspring from which the gene frequency
was calculated in each generation for the five lines A to E is given in table 3.
The unweighted regression of the frequency of the a* allele on generation,
pooled for the five lines is —0-0079 +£0-0056. This calculation however takes
no account of the number of offspring on which the gene frequencies were
based. For example, the largest shifts in gene frequency occurred in genera-
tion 6 of lines C and D, when the numbers of offspring were low—in fact
fewer than 25, which had previously been decided on as the criterion for dis-
continuing the lines.
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Fic. 1.—Frequency of the 4t allele in each generation of the five populations.

In table 3 are given the total numbers of mice placed in each cage for the
five lines for each generation, the total number of offspring produced from
each cage and the gene frequency among these offspring. Then follow the
x values based on the probability of obtaining a shift in gene frequency as
extreme as that observed on the basis of the three hypotheses: (a) that no
selection was taking place; (b) that there was incompatibility at the a locus;
or (c) that there was incompatibility at a linked locus, ten cross-over units
from the a locus.

Two types of contribution to the change in gene frequency in each line
are of interest: factors causing a consistent change, possibly due to continued
operation of autoincompatibility selection, or a random component, due to
the finite size of the population in each generation. The total value of ¥
for all lines, assuming no selection was ~14-43. Thus:

ty = — (3274, 1443) = —2:55, P<0:02,
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TABLE 3
Gene frequency and x for the three populations

x for different types of selection
Number Number Frequency —— A

Gene- of of of at No  Incompatibility Incompatibility
Line ration mice offspring allele selection at a locus at linked locus
0 — — 0-67 — - —
1 36 61 0-68 +0-10 +0-29 +0-29
2 61 47 0-73 +2:25 +2:38 +2-20
3 27 97 0-63 —131 —129 —-1.22
A 4 50 156 0-70 +3-12 +3:58 +343
5 52 92 0-64 —2-40 —2:20 ~2:21
6 49 45 0-64 0-00 +0-12 +0-11
7 45 86 0-53 —397 —378 —383
8 45 48 0-51 +0-02 +0-31 +0:31
9 48 50 0-58 —093 —0-72 —0-72
0 — — 0-48 —— — —
1 32 56 0-38 —-219 —2:15 -215
2 56 97 0-53 +2-80 +3:35 +3-35
3 52 63 0-64 +1-28 +1-03 +1-04
B 4 63 182 0-65 +0:15 +0-49 +0-38
5 45 59 0-61 —048 —0-47 —048
6 32 43 0-42 —346 —3.38 —343
7 43 66 0-47 +009 +0-25 +0-26
8 66 52 0-49 +0-30 +0-48 +0-49
9 52 15 0-50 —0-55 —0-19 —017
0 — — 0-36 — — e
1 36 67 0-34 —0-28 —0-09 -0-09
2 35 36 0-28 —-1:36 —1-10 —-110
c 3 36 80 0-36 +0-94 +1:28 +1-28
4 42 50 0-48 +0-51 +0-71 +0-71
5 50 25 0-40 —099 —0-96 —0:97
6 25 21 0-17 —305 —2-68 —3-08
0 — — 0-67 — — —
1 37 71 0-55 —-3:12 —2:93 —2:94
D 2 37 89 0-52 —0-38 —0-37 —0-37
3 47 46 0-58 —0-12 0-00 0-00
4 25 17 0-94 +2-59 +3-02 +2:70
0 — — 0-82 — — —
1 36 62 0-84 +0-36 +0-35 +0-36
E 2 31 36 0-67 —2-75 —2:52 —2:60
3 36 55 0-60 —1-60 —1:56 —1.57
4 55 28 0-71 0-00 +0-15 +0-15
Zx —1443 —8:60 —-9-87
P 106-02 107-34 107-00

indicating that hypothesis (a), that selection is not operating, is invalid. If
the hypothesis is that there is autoincompatibility at the a locus we have:

ty = —(32-1. 8:60) = —1-42, P ~ 0-16,

in accordance with hypothesis (b). However, if the hypothesis is (c), that
autoincompatibility is operating at a linked locus ten cross-over units away,
then:

ty = —(32-1, 9-87) = —1.74, P = 0-09.
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It must be concluded that it is not possible to distinguish by tbis method
between the validity of hypotheses (b) and (c) from these data.

For all three cases the value of ) x3; is very highly significant. For any
of the three hypotheses, the amount of random gene frequency fluctuation
from generation to generation is greater than that expected. The expected
gene frequency among offspring was calculated from the relative genotypic
ratios of fertile females only. If, however, only a proportion of the males
mated with the available females (which seems probable, since it is thought
that each female would usually mate only once and those males which became
sexually mature earliest would thus mate with most of the females), this would
lead to greater fluctuations in gene frequency than that expected between
generations. Nevertheless, as long as there was no correlation between
genotype and fertility in the male, this would not lead to any systematic
change in gene frequency of the type observed. Similarly, variation in
litter size between females could also lead to random changes in gene
frequency, if there is no correlation between litter size and genotype. The
mean litter sizes at weaning, based on pooled data from all five lines for each
of the three types of female were extremely similar: + +Q = 5:623; +a'Q
= 5:696; aatQ = 5-691: an analysis of variance of litter size between and
within genotypes for all five lines gave F2;, = 0-04. Thus there is no evidence
of differences in fertility between females of the three genotypes as a possible
cause of changes in gene frequency.

From these data it is possible to say that some selective force or forces are
causing the slow replacement of the a? allele by the + allele at the rate of
about 1 per cent. per generation. The hypothesis that this change is purely
the result of chance is very unlikely to be true. The data are compatible
with the hypotheses either that autoincompatibility of a degree observed
previously occurs at the a locus itself or at a locus ten cross-over units away.
To distinguish between these two possibilities either a much larger experi-
ment, i.e. with more separate populations would have been needed at this
stage, when a high proportion of the chromosomes would still be expected to
be in the same configuration in this region as when received from the inbred
lines, or the populations would have had to be continued for a much longer
time to allow alleles at the supposed two separate loci to approach linkage
equilibrium.

5. SUMMARY

1. Gene frequency changes were observed at the a locus in five closed
populations of laboratory mice.

2. There were very large random changes in gene frequency from genera-
tion to generation. Systematic changes also occurred, the af allele being
replaced by the 4 allele.

3. These changes were similar to those which would have been expected
with autoincompatibility at the a locus of a magnitude already reported.
However, enough information could not be obtained from the data available
by the method used, to distinguish between this possibility and that that the
autoincompatibility was at a linked locus ten cross-over units from the a
locus.
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