'THFE SELECTION OF DOUBLE HETER_OZYGOTES
By J. B. S.. HALDANE,
- Genetics and Biomelry Zﬁz_ilt,'C.S.LR.

- The subject here treated is somewhat artificial. I shall first consider complete sefec-
~tion, and later partial selection in favour of double heterozygotes. By complete
' selection (Haldane 1924) T mean the complete elimination from the breeding popula-
tion in each generation, of certain genotypes. This..can occur in human breeding
practice, by lethality of genes, and perhaps by exposure to insecticides. Nevertheless
it is unlikely that the case here discussed ever occurs, except in' Drosophila stocks, .for
example Gurly Dichaete. TIts interest is that, so far as I know for f.hc'ﬁrst time, it reveals
a situation where the courss of events is-qualitatively different in accmdance with' the
intensity of linkage between the genes concerned. . ’ _
Consider two pau*e. of allelomorphs Aa and Bb segregating in a large random mating
population. Let their recombination. frequencies in females and males be ¢ and ¢
respectively.  Let h=%{c-¢"), the mean recombmatmn fltquency and let ke, If
the genes are unlinked c=¢’ =1, so A=} and k=% In Drosophila species with negli-
01bie crossing over in males, if the genes are Ca]l"lﬁd by the same chromosome ¢° =0,
30 A< 3, and k=0. Further suppose that no venotypes except the double hetelozygote'
AaBb survive to breed, Suppose that in the s-th generation ‘the breeders consist of
pAB.ab and ¢g,Ab.aB, where p,-+qg,=1.. Let Po—ln=lo so that 15f, 1.
An AB.ab female produces gandctes in the fr equericies: ' ‘ _ _ :
{1l —c)AB 4-cAb- LcaB—‘,—(l--c)ab] -and .50 on. Tt s easily - calculated that
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There 15 an equilibrium when £,=0 or + (~———v7r] .

N —4h -4k . . o
The last two are. however imaginary il -A>2  Further the equilibrium ‘at {==0
(or p=g=1) is stable if A1, and unstable if A<C%. - Tnethis case the other two equilibria

are stable. They move apart very rapidly -when %, the mean fréquency of recombina-
tion, falls below 25 %, provided the frcquenéies in the tWwo sexes are not very different.
If ¢ =¢, then (={1'—4e)} (1--26)"7, so when c==24, 1==4-385, so p=-31 or 69,
and when ¢=-1, t="968, so p==-016 or -984. Thatis.to sav when the mean craessover
frequency falls appreciably below 1, the stable frequencies of the two gehotypes rapidly
diverge from equality. In organism$ where there is no recombination in one sex ¢=0,
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k=0, /L—.,a 50 thf: only stable equilibria are with 2=1, that is to say all individuals \'
are AB.ab or all AbaB. This is in accordance with observation. A stock with, .
for example Star and Curly in oppaosite second chromosomes remains stable pmmded
only Star Gurly flies are selected as pai‘ents.

When A2-4, ¢, diminishes approximately with (2—44)%. More accurately—
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So except when £ is only a little above 1, this equilibrium is appr mched fairly 1’11)1C iy,
When A=141t s 10'1(:11ed in one generation. Similarly when k< {, ¢, increases accord-
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That is to say #, tends to zero appro«:imately with ( )

For example if ¢=¢ =20, it tends to zero with {2)n, 1f c=¢' =10, with (i)“ If
¢'=0, as in Drosophila, ¢, tends toL1. 2he=e, k=0, s0 if t,—x,—1 )
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So x,, tends to zero with ( T ) ; for example with 3-* when ¢=-23.
. . - &

. The population considered is subject to two ‘“forces”, On the cne hand secrecrzn-
tion, if there were mo selection, would force it to a composition where the two typesr
of double heterozygote and the four typés of gamete were present in equal numbers,
that is to say p=¢=4%, and {=0. On the other hand, if the fitness of all- genotypes
except AB.ab and Ab.aB is zero, the mean fitness, or adaptive value,of the population, _

+{(1 —4Ah+4£)i%]. Provided there is any linkage at all, the coefficient of ¢ is
positivc Selection tends to increase the mean adaptive value, and hence to increase #% .
If it were not opposed by segregation, ¢ would become unity, that is to say all the breed--
ing members would be AB.ab or all Ab.aB. . If 50 the mean fitness would be rzused.
0 $(I—2A-2k), or nearly §, if linkage was strong. “So long as the mean recombina-
tion value exceeds 259, segregation will overcome selectlon and ¢ will remain at
ZEro. However, if thé mean recomb1n1t10n value is under 259, selection should
have some effect, and a stable equilibrium should be reached with unequal numbers’
cof the two genotypes, unless ¢’ =0, when only' one will rémain.

Unfortunately, owing to the absence of crossing-over in males, Drosophila species
are not suited for verifying this theory. Its interesting point is the existence of two
stable equilibria which would most readily be verified if A and B had about 209,
recombination. In this case there would be 139, of ane type of double heterozygote,
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- and 87%, of the other, at a stable equilibrium. It'is unlikely that exactly this situation
is ‘At all frequent either in nature or in agricultural practice, though something like

t must occur in the evolution of permanently heterozygous species. However, we
- know so little about the selective value of linkage that any indications concerning it
-are of value, In the particular case here considered, we note the following conclusions.
In a species with no crossing over in one sex, complete selection in favour of the genotype =
- AaBb will necessarily give a population consisting -entirely of AB.ab, or entirely of
Ab.aB. In such a population 1(1--¢) of the zygotes are léthal. There is some selec-
tive value in a reduction of ¢.  In organisms with crossing over in both sexes, if the
mean recombination frequency, i=4(c+¢") exceeds 25%, the coupling and repulsion
genotypes will be about equally frequent, and £ of all zygotes will perish without breed-
© ing. There will be no advantage in reducing the recombination frequency of A and
B, say from 45%, to 289%,. However as soon as 4 falls below 259, the fraction killed
off is $(1--24), and selection will presumably tend to reduce h. I_fwersions' may be
of selective value, even if they cause some sterility. .
Innumerable  possibilities exist of incomplete selection for double heterozygotes. -
I shall only consider one in ‘which the fitness of all genotypes except the double hetero-
‘zygotes 1s equal, that of the double heterozygotes bemg (1 +KY times greater. Ciearly
at equilibrium in sich a population the frequencies of each of the four genes will be 1
Let the.n-th generatiod be formed from female ga1netes:
Lx, AB1-3,Ab 4-9,aB 42, ak),
where x,+y,=1, : - :
and male ‘game_tc_s: $(x, AB -y, Ab 1y, 'aB-Lx 'ab).
- Then in the next generation the frequencies, at ferglization, of AB.ab and Ab.aB

are ¢ %,  and 4 .3, These'have an extra fertility measured by K&, so we find
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with a similar pair of equations o1 2,0, and 3,01 . Now put ay, -, =tt,, 2, I =ty ¢
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The equilibria are given by s=0, or
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- 50 s=0, or &, =y, ==, =y, =1, is a stable equilibrium if

K - 44 ]
g s A

If & is less than this value, the other two equilibria are stable. The frequency of
AB.ab at equilibrium is then: '
(1 —2h—2RE-* {2 -2k K —20K)s],
where ¢ is the equilibrium value of 5. The advantage of double heterozyg gosity must
(herefore be fair ly large, or the linkage fairly tight, before selection becomes operative.
It would be posmble to verify these conclusions in Drosophila.  Thus if double hetero-
zygotes were given twice the chance of other genotypes o leave offspring both types.of
double recessive should persist if the recombination frequency in females exceeds 23%.
Similar calculations could be made in more complicated cases, for example where
single hetemzygotes have fitnesses intermediate between those of homozygotes and
of double heterozygotes.. It is clear that the greater the advantage enjoyed by double
heterozygotes, the higher will be the mean recombination frequency at which the equili-
brium with Couphno‘ and repulsion equally freguent becomes. unstable. - But this

frequency can never exceed 259%,.

SUMMARY

Selection in favour of double heterozygotes leads to different types of equilibrium
according to the linkage between the loci concerned. - For slight selection or loose
linkage coupling and repulsion should be equally Frequent When the selection or the
linkage hecomnes sufficiently intense there is an equlhbrmm when almost all or ahnost
none of the double heterozygotss are in ccupling. ‘ '
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