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ABSTRACT The natural selection acting on chromosomal
inversions was studied in a natural population of Drosophila
pseudoobscura. Females from this population were allowed to
produce offspring from their matings in nature. They were then
remated to males from a laboratory strain and again allowed
to produce offspring. Offspring were also produced from
matings of males from nature to laboratory females. Diagnosis
of salivary chromosomes in these several sets of larval offspring
allowed us to deduce the karyotypes of adult females and males
from nature as well as the karyotypes of the offspring of these
females by their matings in nature. We reason that the males
collected with the females are a reasonable sample of those that
mated the females and deposited the sperm they carried on
capture. Chromosome frequencies in the offspring of wild
females by their matings in nature were decomposed into male
and female parental contributions. Changes in chromosome
frequency due to male mating success were calculated by
comparing chromosomal frequencies in adult males with those
in the chromosomes they contributed to their offspring. These
changes were sizable and provide direct evidence that male
sexual selection is an important component of selection on the
inversions in this natural population. We proceeded further to
classify karyotypes on the basis of their frequencies and to
calculate the fraction of offspring fathered by rare or common
males. Rare male karyotypes as a group had a selective value
nearly twice that of the common male karyotypes.

The analysis of selection has proceeded much further in the
laboratory than in nature, and it has proven difficult to test in
nature for some kinds of selection that can be demonstrated
rather easily in the laboratory. The rare male mating advan-
tage of Drosophila species is a case in point. Since the 1950s,
repeated experiments in laboratory populations and in spe-
cially designed mating chambers have shown that male
genotypes mate more frequently when they are rare than
when they are common (1-4). These experimental studies
have involved a sizable array of genotypes in a number of
Drosophila species as well as several other insect species and
possibly a few vertebrate species (5-9). Only for the milk-
weed beetle Tetraopes tetraophthalmus (10) and the ladybird
beetle Adalia bipunctata (11) is there evidence for a rare male
mating advantage in nature. The mechanism of this mating
advantage is behavioral, including such aspects of the mating
process as female preferences; recognition of male types by
olfactory, auditory, and tactile cues; and vigor of male and
female types (5-9).
Rare male mating advantage is a kind of sexual selection,

which, in turn, is a component of fitness known to play an
important role in selection on Drosophila genotypes (12-15).
In Drosophila pseudoobscura, male sexual selection ac-
counts for a large part of the overall selection that acts on the

supergene inversions of the third chromosome (14, 15). Rare
male advantage has been studied as intensively as any other
specific component of selection in Drosophila, and a large
fraction of this work has utilized D. pseudoobscura. All of
these studies have been laboratory experiments, however,
and the situation with regard to natural populations is the
same now as it was in 1970 when Dobzhansky (ref. 16, page
174) wrote:

Nothing is known about possible mating advantages of rare
genotypes in natural environments. If they exist in the natural
habitats of the flies, the resulting frequency-dependent selec-
tion may be a potent instrumentality for maintaining the
polymorphic equilibria of gene alleles without heterosis. Even
mildly deleterious alleles could be maintained in natural
population by these means. Rare alleles will grow in frequen-
cies until the mating advantages of their carriers decrease and
disappear. More research in this field is evidently needed.

Dobzhansky's statement aptly summarizes the potential
importance of rare male mating advantage. It is of particular
interest to us as one aspect of the component of overall
selection acting through differences among male genotypes in
mating success.
The purpose of this paper is to provide evidence of male

sexual selection in a Mexican population of D. pseudoob-
scura and, more specifically, to document the occurrence of
rare male mating advantage in this natural Drosophila pop-
ulation.

MATERIALS AND METHODS

We used inversions of the D. pseudoobscura third chromo-
some as our genetic system. Recombination in the third
chromosome is greatly reduced in heterozygotes for these
inversions. Almost the entire chromosome, some 20% of the
genome, is tied together as a supergene, with each inverted
gene arrangement a superallele. The frequencies of the gene
arrangements vary with environmental gradients, with sea-
sons, and with altitude (17). At least some of these changes
can be reproduced in experimental populations in which
ecological factors such as temperature, population density,
and nutrition are manipulated (18, 19). Powerful natural
selection operates on these inversions, in nature and in the
laboratory, making this genetic system particularly well
suited for the analysis of selection.
We collected D. pseudoobscura late in January 1977 at

Amecameca, Mexico. This site is a nursery for pine trees
located on the southeastern edge of the Valley of Mexico.
Drosophila were abundant, with D. pseudoobscura the
dominant species, and we collected all of the flies for our

Abbreviations: ST, Standard; CU, Cuernavaca; TL, Treeline; and
EP, Estes Park; all inverted gene arrangements of the third chro-
mosome of D. pseudoobscura.
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study in a single evening. Pails of fermenting bananas were
set out and a group of 10 workers swept flies from them
every 10 min. Flies were taken to a microscope in the field as
soon as they were collected, and females were separated
from males. We believe this procedure eliminated matings
among the flies after capture, so that the only sperm stored
in females would have been deposited during matings in
nature.
The collections were taken to the laboratory and each fly

was placed in an individual vial at 15'C. To each vial
containing a male from nature were added several virgin
females homozygous for the Standard (ST) gene arrange-
ment, which is not found in central Mexico. The wild females
were allowed to lay eggs from their matings in nature for 2
weeks, during which time they were transferred to fresh vials
every few days. We dissected salivary glands from at least
five larvae from each male culture and from at least eight
larvae from each female culture. We stained them in aceto-
lactic-orein and made squash preparations of the salivary
chromosomes. We continued to transfer cultures of wild
females every few days, and after 2 weeks several males of
the ST/ST karyotype were added to each culture to give the
female an opportunity to remate with the laboratory stock. A
few days later, we prepared additional slides of salivary
chromosomes from the cultures of wild females, again dis-
secting at least eight larvae from each female culture. Each
of us diagnosed the entire set of salivary chromosomes, using
the established descriptions (20-23) for reference.

RESULTS AND DISCUSSION

Ninety-six percent of the females collected at Amecameca
were inseminated and produced offspring; 99% of these
inseminated females remated with the ST/ST males.
We were able to deduce the karyotypes of the males from

nature by identifying the salivary chromosomes in at least
five larvae from the offspring of each wild male by the ST/ST
females. In a similar manner, we deduced the karyotype of
each wild female from the chromosomes in at least five larval
offspring she produced after remating with the ST/ST males.
Since the ST gene arrangement is unknown in central
Mexico, we could be certain that remating occurred when we
saw ST in heterozygous combination with one of the gene
arrangements known from Mexico.

Karyotypic frequencies in the males and females collected
in nature, and in eight offspring produced by each female
from her matings in nature, are presented in Table 1. We
compared karyotypic frequencies in the males and females,
since a significant difference between them would suggest
that viabilities differed in the sexes. The sexes did not differ
significantly in karyotypic frequencies. The x2 for homoge-
neity was 5.0 with 4 degrees of freedom, and the associated
probability was >0.1.
Table 2 shows how we can calculate the frequencies of

chromosomes contributed by males to their offspring and,
following that, the change in chromosome frequency due to

Table 1. Karyotypic frequencies (as %) in D. pseudoobscura
adults from nature and in their offspring and n, the number of
karyotypes observed

CU/CU CU/TL TL/TL CU/OT TL/OT OT/OT n
Male 34.62 42.31 8.33 10.26 1.92 2.56 156
Female 44.26 33.11 7.54 11.15 3.28 0.66 305
Offspring 35.78 37.13 7.58 10.21 7.58 1.72 2440

male mating success. The frequencies of chromosomes in the
offspring of females who resulted from matings in nature are
given in line 1. In rows 2 and 3 they are decomposed into male
and female parental contribution of 50% each. The frequen-
cies ofchromosomes contributed by the female parents to the
offspring are the same as the frequencies in the female
parents, since the same number of larvae was studied from
each female. The contribution of males is obtained by
subtracting the maternal contribution from the offspring
frequencies. These may in turn be compared with the
frequencies in adult males. The turnover of sperm stored in
females is rapid in D. pseudoobscura, because multiple
matings are frequent (24) and fecundity is high. Thus, the
males collected at any time in nature should be a repre-
sentative sample of the males that deposited the sperm.

Line 6 in Table 2 shows the differences in frequency
between chromosomes in adult males and chromosomes
these males have contributed to the next generation. These
differences are the changes in male chromosome frequency
that we ascribe to male mating success. They should be
caused mostly by differences in frequencies with which the
male karyotypes mate, although any meiotic drive (25) or
sperm precedence (26) would also be included. Although
there is no evidence of meiotic drive acting on these inver-
sions, differences in sperm predominance have been dem-
onstrated in the laboratory (27) and may play a role in male
sexual selection in nature.
The CU chromosome decreased in frequency, whereas the

other gene arrangements increased in frequency. The vari-
ance of Ap may be calculated as a function of the variances
of its component frequencies and may be used to test the
hypothesis that the Ap for CU is statistically significantly
different from zero. The test statistic is a standardized normal
deviate, Z = 2.35, and the probability that Ap would be at
least as large as it was by chance alone is only 0.02. CU and
TL constitute about 90% of the chromosomes in the popu-
lation, and EP and "Others" may fairly be combined as rare
chromosomes. The increase in frequency of these rare
chromosomes, between adult males and their contribution to
offspring, is statistically significantly different from zero (Z =
2.27, P = 0.02) and provides the first clue that rare males may
have a mating advantage. It is clear that differences in male
mating success operate as a component of selection in the
Amecameca population. Chromosome frequencies in this
population undergo cycles, and selection by male mating
success is strong enough to account for a major part of the
changes in chromosome frequency. The selective changes in
chromosome frequency we report here are based on direct
comparisons of frequencies in adult males and the chromo-
somes they contributed to their offspring. They confirm our
earlier evidence (15) for selection by male mating success,
based on comparisons between adult males only and their
offspring, in which the contributions from female parents
could not be assessed.
As seen in row 7 of Table 2, the greatest proportional

changes in gene arrangement frequency are for the Others, a
group of six inversions whose individual frequencies were
each <1%, and for EP, whose frequency was =8%. The
genotypes that carry these "rare" chromosomes will also be
rare by comparison with CU/CU and CU/TL and, usually,
by comparison with the homokaryotype TL/TL as well.
Since we have reasoned that the changes in chromosome
frequency in row 6 of Table 2 are the result of differences in
male mating success, we are led to examine the mating
advantage of the rare male genotypes.
Suppose we could calculate the contribution of each male

karyotype to the offspring that form the next generation.
Since we already know the frequencies of the karyotypes
among adult males, it seems that we should be able to
estimate the component of fitness due to male mating success

Gene arrangements are Cuernavaca (CU), Treeline (TL), and
Others (OT), including Estes Park (EP), Popocateptl, Ozumba, Santa
Cruz, Olympic, Hidalgo, and Chiricahua. Offspring frequencies are
based on eight larvae from each of the 305 females.
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Table 2. Gene arrangement frequencies during the breeding cycle of D. pseudoobscura from a
natural population in Mexico: estimation of frequencies (as %) in sperm stored in females and
IApm, the change in frequency among males due to differential male mating success

CU TL EP Others Total % n

1. Frequencies in eight offspring
from each of 305 females 59.45 29.94 8.30 2.32 100 4880

2. Contribution of female parents
to offspring 33.20 12.87 3.20 0.74 50 610

3. Contribution of male parents to
offspring = (row 1 - row 2) 26.25 17.07 5.10 1.58 50

4. Male contribution scaled to
100% = frequencies in sperm
stored in females (2 x row 3) 52.50 34.14 10.20 3.16 100

5. Frequencies in 156 adult males
from nature 60.90 30.45 7.05 1.60 100 312

6. Apm due to differences in male
mating success =
(row 4 - row 5) -8.40 3.69 3.15 1.56 0

7. % change in frequency = 100 x
(row 6/row 4) -16.0 10.8 30.9 49.4

All female parents contributed equally (eight larvae) to the offspring that were studied, so gene
arrangement frequencies in row 2 are the same as those in the adult females of Table 1. Abbreviations
for gene arrangements as in Table 1. n, Number of chromosomes on which frequencies are based.

for each karyotype. Unfortunately we cannot make these
estimates because multiple insemination is frequent in this
population. The sperm that fertilize eggs in a single female
often will come from two different males, and we usually
cannot diagnose the male genotypes. We estimate the fre-
quency of such mixed broods in the Amecameca population
to be nearly 70%. It is possible, however, to divide the
karyotypes into rare and common classes and to use the male
contributions of gene arrangements (line 4 of Table 2) to
estimate the mating success of males in the rare and common
groups.

In the adult males that we studied, CU ahd TL constitute
about 91% of all chromosomes. Next in frequency is EP, at
only 7%, followed by a group of six other gene arrangements,
each at frequencies much smaller than 1.0o. The karyotypes
divide naturally into those involving only CU and TL (the
common group), and others (the rare group). The common
group includes CU/CU (34.6%), CU/TL (42.3%), and TL/
TL (8.3%), for a total frequency of 85.2%. All other karyo-
types are grouped as rare, including CU/EP (8.3%), TL/EP
(1.3%), and six others at individual frequencies of <1.0%o.
The total frequency of these rare karyotypes is 14.8%.
EP is the only rare gene arrangement occurring frequently

enough to cause concern about contributions from
homokaryotypic males. EP/EP is the only homokaryotype
for a rare chromosome found among the 156 males and 305
females collected in nature. Since karyotypic frequencies in
the two sexes did not differ significantly, we can use the
pooled adult data to estimate the fractions of EP chromo-
somes occurring in homokaryotypes and in heterokaryo-
types. A total of 61 EP chromosomes were observed in the
461 adults from nature; 8 occurred in homokaryotypes and 53
occurred in heterokaryotypes. Thus we apportion the male
contributions of EP chromosomes as follows: 8/61 = 0.1311
from homokaryotypes for EP; and 53/61 = 0.8689 from
heterokaryotypes for EP.

In Table 2, line 4, we have already calculated that the
frequency ofEP in the sperm stored within females at capture
(the male contribution to offspring) was 0.1020. Hence the
male parental contribution of EP gene arrangements from
EP/EP males is estimated to be 0.1020 x 0.1311 = 0.0134,
and the contribution from heterozygotes for EP is estimated
to be 0.1020 x 0.8689 = 0.0886. All rare chromosomes other
than EP occurred only as heterokaryotypes with another
chromosome, and the frequency of these other rare chromo-

somes in the paternal contribution was 0.0316. We add to this
0.0316 the 0.0886 contribution from heterozygotes for EP, to
get a total estimate of 0.1202 for the frequency of rare
chromosomes contributed by rare male heterozygotes.

Mendel's law of segregation tells us that males heterozy-
gous for a rare chromosome will, on the average, contribute
a common chromosome for each rare one they contribute.
Thus, we double the frequency of rare chromosomes con-
tributed by rare heterozygotes to account for the common
chromosomes (CU and TL) they also contributed: 0.1202 x
2 = 0.2404, which is the estimated total frequency of
chromosomes contributed by rare male heterozygotes. The
total contribution of chromosomes by rare males is the sum
of contributions by rare heterozygotes and by the EP/EP
homokaryotype: 0.2404 + 0.0134 = 0.2538, the estimated
total frequency of chromosomes contributed by rare male
karyotypes. Since each chromosome contributed by a male
equals one offspring fathered, the fraction of offspring fa-
thered by rare male karyotypes is estimated to be 0.2538.
Because we studied an equal number of offspring from each
female, there was no opportunity for female fecundity to
influence this calculation.
We want to formalize this reasoning to test statistically for

rare male mating advantage. Let a denote the frequency of
rare karyotypes in adult males and A denote the fraction of
offspring that they fathered. The value of a, calculated from
Table 1, is 0. 1474. A comparison of a and A provides a direct
test for rare male mating advantage. A is a function of the
frequencies of rare gene arrangements in the male contribu-
tions of line 4, Table 2. These male contributions, in turn, are
functions of the rare gene arrangement frequencies in the
female parents and their offspring given in Table 2. To write
a formula for calculating A, we define the following terms: v
= estimated frequency of EP chromosomes contributed by
males; ui = estimated frequency of other rare gene arrange-
ments contributed by males; w' = estimated proportion ofEP
chromosomes contributed by EP/EP males; and (1 - w) =

estimated proportion of EP chromosomes contributed by
males heterozygotes for EP. By our reasoning above, A may
be estimated as A = 2u + 2Uw + vP (1 - 0). The variance of
A can be found by the delta method, or method of statistical
differentials (28). For our data A = 0.2538 and its variance is
0.0012. We test for rare male mating advantage by forming

the statistic Z = (A - a)/(var d + var A)112, which should be
normally distributed under the null hypothesis that A = a.
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Our data give Z = 2.36, with an associated probability of
0.025. The fraction of offspring fathered by rare male kary-
otypes is statistically significantly higher than the frequency
of rare karyotypes among the adult males collected in nature.
A model for estimating the mating success of the rare male
karyotypes relative to that of the common karyotypes is
outlined in Table 3. Applying the model to our data, we
estimate that the relative mating success of the rare male
karyotypes to be 1.97, nearly twice that of the common
karyotypes.

In this population, then, rare male karyotypes showed a
large advantage in mating success over the common karyo-
types. The effect of this one component of selection will be
to increase the frequencies of rare gene arrangements. Other
selection components will come into play as well, of course,
and there could be counteracting selection by viability or
fecundity or any other component. Rare gene arrangements
would not be rare if their frequencies continued to increase
under selection, and our data from the Amecameca popula-
tion show continually low frequencies of the rare chromo-
somes in samples taken every few months over 3 years. Thus,
it seems unlikely that the rare gene arrangements at Amec-
ameca are favored by an overall selective advantage of the
flies carrying them. It seems more likely that the increased
mating success of the rare karyotypes favors the retention of
rare gene arrangements in the face of opposing forces such as
genetic drift. If so, and if this rare male mating advantage
occurs in other populations, then it may indeed be the
"potent instrumentality" for maintaining genetic variability
in the quote by Dobzhansky (16). Again and again, very rare
chromosomal variants, found in only one or two flies, have
been recovered in samples of D. pseudoobscura from the
same population 25-100 generations later (23, 29). It would
not be surprising if the rare male mating advantage were a
major factor in retention of these rare chromosomal gene
arrangements.
The rare male mating advantage that has been studied in

the laboratory is frequency-dependent; its intensity increases
as male genotypic frequency decreases. Our measurements
in the Amecameca population involve only one set of fre-
quencies, and they do not allow us to determine whether the
selection we have found is frequency-dependent. We suspect
that it is, by analogy with the laboratory studies. Proof would
require measurements of mating success in the same popu-

Table 3. Calculation of rare male mating advantage in nature
Rare Common

karyotype karyotype
The model

Initial male frequencies a b
Relative mating success M 1
Expected frequency of

offspring fathered aM/(aM + b) b/(aM + b)
Observed frequency of

offspring fathered A B
Our data for D. pseudoobscura

% frequencies in adult males 14.74 85.26
% of offspring fathered 25.38 74.62
Relative mating success 1.97 1

CU/CU, CU/TL, and TL/TL were grouped as common karyo-
types. The remaining 20 karyotypes were grouped as rare karyo-
types, having individual frequencies among adult males of <2%
except for CU/EP, which had a frequency of 8.3%. Frequencies of
rare and common karyotypes were estimated in a sample of 156 males
from nature, whereas the fractions of offspring contributed by rare
and common males were assessed in eight larvae from each of 305
females inseminated in nature. The frequency of rare karyotypes in
adult males was statistically significantly different from the fre-
quency of offspring that they fathered. The relative mating success
of rare males is estimated according to the model as M = bAl(ah).

lation at different karyotypic frequencies, and data of this
kind will take some time to obtain (see ref. 10).
What our results do show, however, is that changes in gene

arrangement frequency due to male mating success are large
enough at Amecameca that this component of selection must
play a major role in the overall selection on the inversions in
this natural population. Moreover, rare male karyotypes as a
group enjoy a substantial advantage in mating success over
the three most common karyotypes. These results are a step
toward our goal of providing a full analysis of the selection
acting on the gene arrangements of D. pseudoobscura, in the
laboratory and in nature.
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