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According to the biological species concept, specia-
tion is basically a problem of reproductive isolation.
Of the many ways to classify isolating mechanisms, the
two main divisions are premating isolation, in which
mating is prevented from occurring, and postmating
isolation, in which mating takes place but viable, fertile
offspring are not produced. There is much debate over
which type of mechanism, premating or postmating,
is most likely to develop first and how the isolation
comes about (e.g., see Dobzhansky, 1970; Mayr, 1963;
and Muller, 1949).

In an attempt to gain insight into the process of the
development of reproductive isolation, eight popula-
tions of Drosophila pseudoobscura were studied. These
were first used by Powell and Andjelkovi¢ (1983) in a
study of the alpha-amylase (4my) locus. Four were
reared on a starch-based medium, and four were reared
on a maltose-based medium. These two media are both
quite stressful; it initially took several months for the
populations to become fully established and healthy.
Considering the pressure placed on the populations by
the media, one would expect to see some kind of adap-
tive divergence between the starch-reared and maltose-
reared flies.

Several changes were in fact observed in the eight
populations. Powell and Andjelkovic¢ noted an increase
in the “fast” allele of Amy in the starch populations
as well as an increase in one of the patterns of amylase
activity in the midgut. However, no corresponding
changes were seen in the maltose populations. Else-
where (Dodd, 1984), I have presented evidence that
the populations have become differentially adapted to
the two media. In this study, it is shown that the pop-
ulations have also developed behavioral isolation as a
pleiotropic by-product of this adaptive divergence.

MATERIALS AND METHODS

All eight D. pseudoobscura populations were derived
from a single population collected at Bryce Canyon,
Utah (see Powell and Andjelkovi¢ [1983] for details
on the media and the generation of the populations).
The four starch-reared populations were designated Ist—
1Vst; the maltose-reared populations were designated
Ima-IVma. The flies were maintained in population
cages at 25°C. The present investigation was begun

! Present address: Department of Biological Sci-
ences, University of North Carolina at Wilmington,
Wilmington, NC 28403-3297.

approximately one year after the populations were
started.

Starch-adapted populations were tested against
maltose-adapted populations in every possible com-
bination to determine whether adaptation to the two
new regimes could have induced the development of
ethological isolation. Multiple-choice tests were per-
formed using mating chambers modeled on those de-
scribed by Elens and Wattiaux (1964). All flies used in
the mating-preference tests were reared for one gen-
eration on standard cornmeal-molasses-agar medium.
Virgin males and females were anesthetized with CO,,
isolated from the opposite sex, and aged on standard
medium for 3-6 days. Twelve females from each of
the populations to be tested were placed in the cham-
ber. Twelve males from the two populations were then
introduced as nearly simultaneously as possible. The
flies were not anesthetized for this procedure. The tests
were performed at room temperature (no higher than
25°C), under bright (but not direct) lighting. The cham-
bers were observed for 60-90 minutes.

Individuals of one population had the tips of their
right wings clipped to allow identification. At least two
replicates of each test were performed, with the wing
clipping alternated between populations. Wing clipping
has not been found to interfere with mating success
in Drosophila (Ehrman, 1966; Ehrman and Petit, 1968;
Powell, 1978; Robertson, 1982; Knoppien, 1984; van
den Berg et al., 1984; Dodd and Powell, 1985; Spiess,
1986), and once again in the present tests, wing clipping
had no effect on mating propensity in either sex. Of
the 1,558 matings scored, 778 were with nonclipped
males, and 780 were with clipped males; 793 non-
clipped females mated, while 765 clipped females mat-
ed. These differences are not statistically significant.

An isolation index (/) was calculated for each mating
test. The index used follows Stalker (1942), Bateman
(1949), and Merrell (1950), with the standard error
derived following Malogolowkin-Cohen et al. (1965):

_ homogamic matings — heterogamic matings

1
total matings (V)

SEof I = V(I — IB/N.

I ranges from —1 to 1; a value of zero indicates random
mating; I > 0 indicates positive assortative mating;
and I < 0 indicates negative assortative mating. Con-
tingency chi-square tests were also performed to check
for deviations from random mating.
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RESULTS

The results of the mating-preference tests between
starch-adapted and maltose-adapted populations are
given in Table 1. Contingency chi-square tests reveal
that 11 out of the 16 combinations show significant
deviation from expectations based on random mating.
The isolation indexes of these crosses all indicate pos-
itive assortative mating, ranging from 0.30 + 0.13 to
0.49 + 0.10. The crosses that do not show significant
departure from random mating also have positive iso-
lation indexes, ranging from 0.18 + 0.14 to 0.24 +
0.13. A one-tailed sign test (Champion, 1981 pp. 276—
280) on the indexes shows that the probability of ob-
taining 16 positive indexes for 16 crosses is less than
0.001.

It is possible that the behavioral isolation apparent
between the starch- and maltose-adapted populations
is a result of bottlenecks in population size when the
populations were first established. Thus, the popula-
tions may have diverged due to such founder-flush
effects as proposed by Carson (1971, 1975) and ex-
perimentally observed by Powell (1978). If this were
the case, there should be isolation between populations
within the same regime. Therefore, each starch-adapt-
ed population was tested with each other starch-adapt-
ed population. Likewise, each maltose-adapted pop-
ulation was tested with each other maltose-adapted
population.

Table 2 gives the data for these crosses. None of the
within-regime tests deviates significantly from expec-
tations for random mating according to the X? tests.
The indexes range from —0.06 = 0.14 to 0.15 + 0.13
in the starch-regime tests and from —0.21 = 0.13 to
0.18 = 0.14 in the maltose-regime tests. Four of the
six within-maltose-regime crosses show heterogamic
preferences, as do two of the six within-starch-regime
crosses. Two-tailed sign tests were again performed to
confirm the randomness of the indexes: starch regime:
P = 0.688; maltose regime: P = 0.688; all within-
regime crosses: P > 0.999.

There is no assortative mating within regimes. Av-
eraging the isolation indices within the three categories
illustrates the general pattern: 0.33 for the tests of starch
versus maltose, 0.05 for the tests within the starch
regime, and —0.01 for the tests within the maltose
regime.

DiscussiON

Significant behavioral isolation between starch-
adapted and maltose-adapted populations was ob-
served. The isolation was not a result of conditioning
of the flies to the two media, since all tests were per-
formed using flies that had been reared on a common
medium and had experienced neither starch nor malt-
ose. Nor was physical isolation alone responsible for
the changes in mating behavior, since there was no
evidence of behavioral isolation between any pair of
the four starch-adapted populations nor between any
pair of the four maltose-adapted populations.

The ethological isolation was a pleiotropic by-prod-
uct of the adaption of the populations to the two media,
confirming one of the basic tenets of the Modern Syn-
thesis. Reproductive isolation was not the target of the
selection, and there was no a priori reason to believe
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TaBLE 1. Results of mating-preference tests between
starch-adapted and maltose-adapted populations. I =
isolation index (see text). The results of contingency

chi-square tests for each cross are also given.

A. Females B. Females
Males Ist Ima Males Ist IIma
Ist 18 11 Ist 22 9
Ima 10 12 IIma 8 20
I1=0.18 +£0.14 1=0.42 +0.14

X2 =1.39 X2 = 10.58**

C. Females D. Females
Males Ist IIIma Males Ist IVma
Ist 17 5 Ist 16 8
IIIma 12 19 IVma 7 25
1=036 +0.13 1=0.46 = 0.12

X2 =7.72%* X2 = 11370

E. Females F. Females
Males Ist Ima Males IIst IIma
IIst 14 12 IIst 19 7
Ima 6 22 IIma 8 22
1=0.33 +0.13 1=046 = 0.12

X2 =6.07* X2 = 12,02%**

G. Females H. Females
Males IIst IIIma Males IIst IVma
Ist 17 8 IIst 23 11
IIIma 11 19 IVma 8 16
I1=0.31+0.13 I1=0.35=*0.12

X2 = 5.36* X2 = 6.66**

L Females J. Females
Males IIst Ima Males IIIst IIma
IIIst 16 12 IIIst 18 11
Ima 9 17 IIma 10 16
1=0.22 +0.13 1=0.24 = 0.13

X2 =256 X2 =3.06

K. Females L. Females
Males IIIst IIIma Males IIlst IVma
IIIst 26 10 IIIst 16 12
IIIma 9 29 IVma 10 17
=049 = 0.10 1=0.20+0.13

X2 = 17.48%** X2 =223

M. Females N. Females
Males IVst Ima Males IVst IIma
IVst 17 11 IVst 18 5
Ima 9 20 IIma 12 19
1=0.30 = 0.13 1=0.37 £0.13

X2 =5.06% X2 = 8.37**

O. Females P. Females
Males IVst IIIma Males IVst IVma
IVst 17 11 IVst 16 10
IIIma 9 21 IVma 11 18
1=10.31%0.12 I1=0.24 +0.13

X2 =5.52% X2 =3.06

* P < 0.05;* P < 0.01; ** P < 0.001.
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TABLE2. Mating-preference tests within regimes. Each
starch-adapted population was tested against each
other starch-adapted population, and each maltose-
adapted population was tested against each other mal-
tose-adapted population. 7 (isolation index) and con-

tingency X2 are given for each cross.

A Females B. Females
Males T Ist | Ist Males T Ist | Ist
Ist 18 15 Ist 13 9
IIst 12 15 IIIst 16 19
I=0.10 = 0.13 I=0.12 £ 0.13

X2 =0.40 X2 =0.97

C Females D. Females
Males T Ist | IVst Males T Ost It
Ist 13 11 IIst 12 11
IVst 11 17 IIIst 16 12
I=0.15+0.13 I=-0.04 £0.14

X2 =115 X2 =0.05

E. Females F. Females
Males T It IVst Males T IIst IVst
IIst 15 12 IIIst 16 12
IVst 14 12 IVst 16 9
=002+ 0.14 I=—0.06 + 0.14

X2 =0.02 X2 =0.26

G. Females H. Females
Males " Ima_ Ilma Males " Ima__ Illma_
Ima 17 14 Ima 14 9
IIma 10 17 IIIma 12 16
I1=0.17 £ 0.13 I1=0.18 £0.14

X2 =1.84 X2 = 1.64

L Females J. Females
Males " Ima_ IVma Males " lima__ Illma _
Ima 12 12 IIma 11 14
IVma 15 14 IIIma 18 10
I=-0.02 £0.14 I=-0.21+0.13

X2 =0.02 X?=0.82

K. Females L. Females
Males " llma__ IVma Males “1llma_ IVma
IIma 12 14 IIIma 11 18
IVma 14 14 IVma 15 14
I=-0.04 +0.14 I=-0.14 = 0.13

X2 =0.08 X2 =1.12

that adaptation to starch or maltose should have any
effect on mating behavior, yet isolation developed.
Similar studies resulting in the development of stable
premating isolation due to adaptive divergence have
been reported. Kilias et al. (1980) observed behavioral
isolation between strains of D. melanogaster reared at
different temperatures and relative humidities. Flies
from the same base population subjected to different
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regimes developed reproductive isolation, while flies
from different gene pools reared under the same con-
ditions exhibited random mating. Markow (1981) se-
lected for phototactic and geotactic behavior in D. me-
lanogaster. Behavioral isolation was evident between
some pairs of the selected and control populations.
Soans et al. (1974) and Hurd and Eisenberg (1975)
reported reproductive isolation in housefly (Musca do-
mestica) populations selected for positive and negative
geotaxis.

The results of this study also demonstrate that re-
inforcement of premating isolating mechanisms through
selection is not necessary for the development of sig-
nificant levels of behavioral isolation. The isolation
observed here developed in complete allopatry. The
populations were maintained separately at all times,
and thus there was no opportunity for reinforcement
through selection against hybrids. The isolation is due
solely to the process of adaptation to the novel regimes.

This process led to consistent changes in all four
populations under each regime. Each of the four pop-
ulations subjected to the same regime acquired the
same (or similar) changes in mating behavior, such that
flies from different populations under the same regime
are not isolated. Isolation is only evident between re-
gimes.

The mechanism of the isolation in this system is as
yet unknown. Kilias et al. (1980) noted for one of their
nine combinations that females adapted to one regime
(cool, dry) mated more frequently than females from
the second regime (warm, humid). Yet in another case,
males reared in the warm, humid regime were more
active than the cool-adapted males. Overall, there was
no significant difference in sexual activity, as measured
by numbers of each type mating, in either sex. Simi-
larly, in this study chi-square tests revealed no signif-
icant differences in the numbers of flies from each pop-
ulation involved in matings (X?.es = 4.5, XPemates =
1.8, d.f. = 7). There is no difference in sexual activity
between flies from the two regimes. Possible differences
in specific courtship behaviors are presently being ex-
amined.
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In Drosophila melanogaster, female attractiveness
and receptivity is reduced following mating, and there
seem to be two causes for these changes. There is a
short-term effect of copulation which diminishes with-
in 24 hours (Manning, 1967; Scott, 1987). Seminal-
fluid components influence the effectiveness of this
short-term reduction of female receptivity (Scott, 1987;
Chen et al., 1988). The second effect, which was iden-
tified by Manning (1962, 1967) as a “sperm effect,” is
longer-lasting and decreases as the number of sperm
in storage diminishes.

Studies on established lab stocks of D. melanogaster
demonstrate that: 1) the return of receptivity in mated
females is influenced by the number of sperm in storage
(Manning, 1962, 1967; Gromko and Pyle, 1978; Gil-
bert et al., 1981; Gromko et al., 1984; Letsinger and

Gromko, 1985); 2) experimental design influences the
expression of the sperm effect (Gromko and Pyle, 1978;
Newport and Gromko, 1984); 3) the strength of the
sperm effect can be modified by selection (Gromko and
Newport, 1988a); and 4) environmental factors influ-
ence the frequency of remating, with remating fre-
quency being greatly reduced in the absence of food
(Harshman et al., 1988).

Most work on these phenomena has been carried out
with established laboratory stocks. A previous study
indicated that remating frequency changed substan-
tially in a population maintained in a large population
cage (Gromko and Newport, 1988a). Thus, in the pres-
ent study, we assayed fecundity and receptivity to re-
mating in three populations derived recently from the
field. We also compared four stock-maintenance pro-



