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Alloprocoptic selection: A mode of natural selection
promoting polymorphism

(evolution/population genetics/enzyme variation/fitness/mating success)

JUAN M. SERRADILLA* AND FRANCISCO J. AYALA
Department of Genetics, University of California, Davis, California 95616

Contributed by Francisco J. Ayala, January 7, 1983

ABSTRACT The fitness effect of genetic variation at three
loci coding for enzymes is studied in Drosophila melanogaster.
The fertility of a female is determined by the female genotype
as well as by the genotype of the male with which she mates.
Significant interactions exist between female and male genotype,
so that the fertility of a given mating combination cannot be pre-
dicted from the average fertility of the two genotypes involved.
Multiple stable equilibria are possible when such interactions ex-
ist. At two loci, the fertility is greater than expected when the
two mating individuals are homozygous for different alleles and
smaller than expected when they are homozygous for the same
allele. This mode of selection in which association of opposites
increases their fitness is herein named alloprocoptic selection. It
will contribute to maintaining genetic polymorphism in nature.

The discovery of increasingly numerous genetic polymor-
phisms in natural populations makes it ever more urgent to
ascertain the processes that promote genetic variation in na-
ture. The role of natural selection has been investigated in
field as well as laboratory studies. The controlled conditions
feasible in the laboratory have made it possible to study, in
organisms such as Drosophila, the contributions of various
components of the life cycle to fitness differences between
genotypes. Fertility, viability, rate of development, longevity,
and mating success have been implicated in one case or an-
other.
A hypothesis that has received little attention is that fer-

tility (the number of zygotes produced per female) may be
determined by mating type-i.e., by specific interactions be-
tween the two mating genotypes, not predictable from the av-
erage fertility of the genotypes involved. One important im-
plication of this hypothesis is that more than one stable
polymorphic equilibrium is possible (ref. 1; see also refs. 2
and 3).
We report experiments designed to test this hypothesis. The

results manifest an unanticipated pattern. The fertility of a
given mating type turns out to be greater than expected when
the two mating individuals are homozygous for different al-
leles and smaller than expected when they are homozygous for
the same allele. This pattern will contribute to the mainte-
nance of genetic polymorphisms. We are introducing the term
"alloprocoptic" (allo, other; procoptic, thriving) to designate
a mode of selection in which association of opposites increases
their fitness.

MATERIALS AND METHODS
We have studied in Drosophila melanogaster three gene loci
codingfor enzymes: aGpdh (mapping on chromosome 2, at 17.8,
coding for a-glycerophosphate dehydrogenase, EC 1. 1. 1. 8),

Adh (chromosome 2, 50.1, alcohol dehydrogenase, EC 1.1.1.1),
andAcph (chromosome 3, 101. 1, acid phosphatase, EC 3.1.3.2).
In the natural population sampled for the experiment, only
two alleles, S ("slow") and F ("fast"), exist with substantial
frequencies. The frequency of the rarer (S) of the two alleles
is 0.18 for aGpdh, 0.40 for Adh, and 0.11 for Acph.
The experimental flies were derived from 1,500 females

collected in the fields of the University of California, Davis.
Each female was placed in a vial and allowed to lay eggs. Sin-
gle-pair crosses were made with the progenies of these fe-
males, with each of the two parents descended from a dif-
ferent wild female. After they had laid eggs, the two parents
were examined by electrophoresis. If they had the desired
genotype, their progeny was identified as one of the experi-
mental lines and maintained by mass culture. To obtain the
desired number of lines, additional single-pair crosses had to
be made for more than one generation but, in each case, the
two parents were descendants from different wild females. A
total of 30 F/F and 30 S/S lines were obtained for each locus.
The F/F lines were a single set of 30 lines that exhibited the
F/F genotype at each of the three loci.
The flies used in the tests were obtained by crossing two ex-

perimental lines. Fifteen crosses were made for each genotype.
The homozygous genotypes were obtained by crossing the 30
appropriate experimental lines; for the heterozygous genotypes
15 F/F and 15 S/S lines, chosen at random, were crossed. The
purpose of these procedures was to obtain experimental flies
that are genetically comparable with wild flies, because each
one of the two genomes in each experimental fly is derived from
a different wild female. (Moreover, the genome of each wild
female was represented in no more than one of the experimental
lines.)

Three newly emerged virgin females with a given genotype
and three males with the same or a different genotype were
placed in a vial. Eggs were collected by placing a plastic tea-
spoon with medium in the vial. Fertility was measured by the
number of eggs laid from the 6th to the 9th day, both in-
cluded. Typically, these are the ages when D. melanogaster
females achieve their highest fertility. Each genotypic com-
bination was replicated 60 times. The results given are mean
numbers of eggs laid over the four experimental days. The
experiments were carried out at 25 ± 0.50C and ca. 70% rel-
ative humidity.

RESULTS AND DISCUSSION
The results of the experiments are summarized in Table 1. At
each locus, fertility is affected by the female genotype as well
as by male genotype, as indicated by analysis of variance.
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Table 1. Fertility of the genotypes
Male genotype Female

F/F F/S S/S mean

aGpdh locus
Female genotype
F/F 88.8 ± 5.3 74.1 ± 3.1 141.9 ± 7.4 101.6 ± 3.9
F/S 149.9 ± 5.4 140.8 ± 6.8 126.0 ± 5.1 138.9 ± 3.4
S/S 114.5 ± 7.0 84.4 ± 4.1 106.6 ± 7.0 101.8 ± 3.7

Male mean 117.7 ± 3.9 99.8 ± 3.6 124.8 ± 3.9 -

Adh locus
Female genotype-
F/F 88.8 ± 5.3 83.0 ± 4.1 128.3 ± 6.5 100.0 ± 3.4
F/S 162.1 ± 6.1 136.1 ± 7.5 149.9 ± 6.3 149.3 ± 2.5
S/S 111.5 ± 5.1 93.7 ± 3.8 102.3 ± 6.0 102.5 ± 3.0

Male mean 120.8 ± 3.9 104.3 ± 3.5 126.8 ± 4.2 -

Acph locus
Female genotype
F/F 88.8 ± 5.3 96.6 ± 4.7 121.9 ± 6.3 102.4.± 3.3
F/S 164.8 ± 6.2 142.5 ± 6.3 174.8 ± 7.2 160.7 ± 3.8
S/S 944 ± 6.5 117.4 ± 5.5 142.4 ± 6.2 118.0 ± 3.8

Male mean 116.0 ± 4.3 118.8 ± 3.4 146.4 ± 4.2 -

Results represent mean ± SEM number of eggs produced by each
type of nmating. The number of replicates is 60 for each mating type and
180 for each mean. Factorial analysis of variance gives, for each locus,
significant variation among female genotypes (P < 0.001) and among
male genotypes (P < 0.001) and significant interaction between female
and male genotypes (P < 0.001).

The females exhibit heterosis at each locus. That is, the het-
erozygous females lay more eggs than either one of the homo-
zygotes and the difference is statistically significant as measured
by a Student-Newman-Keul test for least significant range be-
tween means (4). On the contrary, matings involving the het-
erozygous males produce fewer eggs than those involving
homozygous males. The least significant range test indicates,
however, that the differences among the male genotypes are not
significant at the aGpdh and Adh loci. At the Acph locus, the
S/S males produce significantly more progeny than either the
heterozygotes or the F/F homozygotes, while these are not sig-
nificantly different from each other.

The experiments corroborate the hypothesis that fertility is
determined by mating type and is not predictable from the
fertility of the genotypes involved. Analysis of variance shows
that, at every one of the loci, there are statistically significant
deviations from the expected fertilities (calculated by multi-
plying the average fertilities of the two genotypes involved
divided by the average of all genotypes):
The pattern of the interactions between male and female

genotypes is particularly interesting at the aGpdh and Adh
loci. The fertility of a given homozygote is greater when it
mates with a different homozygote than when it mates with
a like individual. Table 2 quantifies this phenomenon simply
by giving the deviations between the observed and expected
fecundities for each mating between homozygotes. As men-
tioned above, the expected fertilities are calculated assuming
that the fecundities of the two genotypes involved are mul-
tiplicative. At the aGpdh and Adh loci, matings between dis-
similar homozygotes are more fertile than expected and mat-
ings between similar homozygotes are less fertile than expected.
The evolutionary significance of this pattern of interaction,
which we are naming alloprocoptic selection, is that it will
contribute to the maintenance of genetic polymorphism.

Population, genetics models usually assume that fertility, as
well as other components of the life cycle contributing to fit-

Table 2. Observed minus expected number of eggs produced by
matings between homozygotes

Male genotype

Female aGpdh Adh Acph
genotype F/F S/S F/F S/S F/F S/S
F/F -15.9 +30.8 -4.1 +20A1 -4.7 +3.8
S/S +9.4 -4.8 +6.1 -8.8 -13.4 +6.5

The "expected" number of eggs was obtained from the data in Table
1 by multiplying the totals for the corresponding rows and columns and
dividing this product by the sum of all nine genotypes.

ness, is simply determined by the fertilities of the genotypes
involved in a given type of mating. Hadeler and Liberman (1)
have theoretically examined the consequences expected when
that is not the case. Their model is not completely general in
that random mating between genotypes is assumed, although
not that the genotypes are in Hardy-Weinberg frequencies.
Among the ensuing consequences, the following are partic-
ularly significant. Fisher's fundamental theorem of natural se-
lection does not obtain, even for the case of two alleles at a
single locus. Depending on the pattern of fecundities, (i) there
may be no stable equilibrium, not even with one or the other
allele fixed, or (ii) there may be more than one stable poly-
morphic equilibrium. Stable polymorphic equilibria may exist
even in the absence of heterosis. Cockerham et aL (2) have
analyzed a general model of interactions among the three ge-
notypes at a locus. Although explicitly focused on competitive
and related viability interactions, this model is applicable to
fertility patterns as well. Like Hadeler and Liberman (1), they
show that several polymorphic equilibria may exist, some of
them stable even in the absence of heterosis. The conclusion
that more than one polymorphic equilibrium may exist (1, 2)
is worth attention, given that allozyme polymorphisms often
exhibit different allele frequencies in different local popula-
tions or in different species (5, 6).
A general model of selection due to fertility differences at a

single locus with two alleles (F and S) is introduced in Table 3.
The frequency of each mating type is mij and its fertility is j,
where i and j index the female and male genotypes, respec-
tively. The model assumes neither Hardy-Weinberg genotypic
frequencies nor random mating. The progeny produced by each
mating type is determined by the mendelian ratios.

Assuming that the only selective process involved is fertility
differences, the frequency of the F allele after one generation
of selection is given by Eq. 1:

pi = [mlufil + (3/4)(ml2f12 + m21f2l) +

(1/2)(ml3fl3 + M22f22 + m31f3l) +
3 3

(1/4)(mz3f23 + m32f32] E Mijfi
i=l j=l

[1]

The change in allele frequency after one generation of se-
lection is

Ap = [(mllfll)(l- p) + (m12fi2 + m21f21)(3/4 - p) +

(m13f13 + Mf22f22 + m31f31)(1/2 - p) +
[2](mZ3f23 + m32f32)(1/4 - p) -

3 3

(M33f33))p] > EMij>ij.
i=l j=l

Genetics: Serradilla and Ayala
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Table 3. Model of selection due to fertility differences between mating types

Frequency of mating
Mating tpe General Special Fertility Offspring produced Frequency of offspring
9 d model case* of mating FF FS SS FF FS SS
FF FF m11 p4 fi[ 1 milfl
FF FS M12 2p3q [12 1/2 1/2 m12f12/2 m12f12/2
FF SS M13 p2q2 [13 1 M13fl3
FS FF M21 2p3q [21 1/2 1/2 m21[2j/2 M21f2j/2
FS FS M22 4p2q2 [22 1/4 1/2 1/4 M22f22/4 m22122/2 M22[22/4
FS SS M23 2pq3 [23 1/2 1/2 M23/'23/2 m23f23/2
SS FF M31 p2q2 [31 1 M31Al
SS FS M32 2pq3 [32 1/2 1/2 M32f32/2 M32f32/2
SS SS m33 q[4A3 1 M33f33

* Frequency of mating is calculated in this case by assuming Hardy-Weinberg equilibrium and random mating.

Table 3 also gives the expected frequency of each type of
mating for the special case in which the genotypes occur in
Hardy-Weinberg proportions and mating is random. The
change in allele frequency after one generation in this case
becomes
Ap = [fip4(1 - p) + 2(f12 + f21)P3 (1 - p)(3/4 - p) +

(f13 + 4f22 +f31)p2(1 - p)2(1/2 - p) +

2(f23 + f32)P(1 - p)3(1/4 - p) - f33p(1 - p)4]/
[fip4 + 2(f2 +f21)p3(1 - p) +

would affect fitness of the enzyme loci in the natural popu-
lation as they do in the experiments.
The phenomenon of alloprocoptic selection manifested at

[3]

(f13 + 4f22 + f31)p2(1 _ p)2 +

2(f23 + f32)p(1 - p)3 + f(1 - .

The fertility values given in Table 1 can be used to calculate
the relative fertilities for each mating type, simply by dividing
the mean number of eggs of a given mating type by the sum
of all the means; e.g., for aGdph, fii = 88.8/1027.0 = 0.0865.
The dynamics of the allele frequency, p, can then be obtained
from Eq. 3. The results are shown in Fig. 1. In each case,
there is a stable polymorphic equilibrium. At the aGpdh lo-
cus, there is in addition an unstable polymorphic equilibrium
at a very low frequency of F (p 0.01). There is at this locus
a locally stable corner equilibrium (p = 0). The other corner
equilibrium (p = 1), as well as the corner equilibria at the two
other loci, is unstable. Whichever the initial conditions, a
polymorphic stable equilibrium will be attained at the Adh
and Acph loci (at the Acph locus, however, the stable equi-
librium -occurs at a low frequency, p - 0.08). For aGpdh, a
stable polymorphic equilibrium will be reached whenever the
initial conditions are 1 > p > 0.01.

Enzyme polymorphisms have been shown to be associated
with selective differences for various fitness components, in-
cluding fecundity (7-13). In some cases, the evidence clearly
indicates that the locus itself has direct fitness effects (10-13);
in other cases, the fitness differences might be due, at least
in part, to other loci tightly linked to the target locus. The
results presented here show that all three loci are associated
with fertility differences. Thirty independent wild genomes
are represented for each genotype in each experiment. This
ensures that more than 95% of the genetic variation present
in the natural population is also present in each experiment
(14). Moreover, it makes it likely that the genetic background
is randomly associated with the genotypes tested in the same
fashion as it is in nature. That is, disequilibrium between the
loci studied and other (closely linked) loci will exist in the ex-
periments only to the extent that it occurs in nature (9). In
that case, however, the effects observed in the experiments

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
p

FIG. 1. Dynamics of allele frequency change at various loci in D.
rnelanogaster. The change, Ap, per generation for a given allele fre-
quency, p, is shown. (A) aGpdh. There are two polymorphic equilibria,
an unstable oneatp 0.01 and a stable one atp 0.49. (B)Adh. There
is one stable polymorphic equilibrium at p 0.47. (C) Acph. A poly-
morphic stable equilibrium exists at p 0.08.

Proc. Natl. Acad. Sci. USA 80 (1983)
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the aGpdh and Adh loci is of considerable interest, because
it represents one more mechanism for maintaining balanced
polymorphisms in natural populations. Few experiments have
been performed where the necessary observations for de-
tecting this mode of selection were made. Bundgaard and
Christiansen (15) did not find differential fertility due to mat-
ing interactions in strains of D. melanogaster carrying mutants
with visible phenotypic effects. The extent of the phenome-
non of alloprocoptic- selection needs to be experimentally in-
vestigated.

Which physiological processes might underlie differences
in fertility? Fertility has been shown to be affected by the
genotype of the female and of the male with which it mates
(7-11, 16-20). There also is a wealth of evidence showing that
mate choice has significant selective consequences (20-22). At
issue, however, is how a given male genotype would differ-
entially affect females of diverse genotype. One possible
mechanism involves the Est-6 locus in D. melanogaster (10,
11). The enzyme encoded by this gene is transmitted to the
female in the male ejaculate during insemination. Alternative
genotypes at this locus affect the time a female will take from
one to another mating (11) and the number of progeny pro-
duced by the female (10). Moreover, the effects of a given
male genotype vary depending on the genotype of the female
(10).
We are greatly indebted to Wyatt W. Anderson for numerous sug-

gestions; to F. Jose Ayala for writing the computer program and making
the numerical calculations; and to Wesley Thompson, even though we
did not follow his correct advice that the appropriate word is "alloio-
procoptic," not "alloprocoptic. " This research was supported by Grants
1P02 GM22221 from the U. S. Public Health Service and PA 200-14 Mod

4 from the U.S. Department of Energy and by a fellowship to J.M.S.
from the Cultural Cooperative Program between the United States and
Spain.
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