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Sympatric Speciation Based on Allelic Changes at Three Loci:

Evidence from Natural Populations in Two Habitats

Abstract. Allelic changes at three loci largely explain Chrysopa downesi’s sympat-
ric speciation from a Chrysopa carnea-like ancestor. Disritptive selection first pro-
duced a stable polymorphism based on a single pair of alleles that adapted individ-
uals to two habitats, and second, it established seasonal asynchrony in reproduction

through allelic substitutions at two loci.

A central problem in evolutionary bi-
ology concerns the amount and type of
genetic change and the procession of
events that produce independent evolu-
tionary units—species. Genetic diver-
gence of geographically isolated popu-
lations (allopatric speciation) is generally
accepted as the primary mode of speci-
ation in bisexual animals (/). In contrast,
the concept of speciation through the ac-
tion of disruptive selection on an inter-
breeding population (sympatric speci-
ation) remains an area of considerable
controversy. In the selection experi-
ments arourid which the modern theory
of sympatric speciation was built, the
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physiological and genetic basis for the
reproductive isolation produced in the
laboratory is unknown, and the artificial
forces of disruptive selection are not re-
lated to field conditions (2). Therefore,
these experiments have provided rela-
tively limited insight into the question of
sympatric speciation in natural popu-
lations.

As a testable hypothesis, Maynard
Smith (3) offered a general theoretical
model for sympatric speciation through
disruptive selection. This model’s attrac-
tiveness resides in its simplicity—a few,
simple genetic changes underlie the pro-
posed process of speciation. Until now,

the most convincing field and laboratory
evidence for this model has come from
monophagous insects in which simple
genetic changes produce divergent host
races that lead to new species (¢). In-
deed, it has been suggested that sympat-
ric speciation through disruptive selec-
tion is restricted to host-specific, phy-
tophagous or parasitic animals (5). In
contrast, we report experimental evi-
dence herein that disruptive selection
can act through habitat differences in the
specidtion of non-host-specific animals.
In our example, a single gene difference
underlies a divergence in habitat associa-
tion, and allelic substitutions at two loci
underlie the subsequent evolution of an
effective reproductive barrier. This
study illustrates that Maynard Smith’s
theoretical model for sympatric speci-
ation, rather than being restricted to
monophagous or parasitic species, has
broad application among bisexual ani-
mals.

Our experimental animals were the
sibling species Chrysopa carnea Ste-
phens and Chrysopa downesi Banks (In-
secta: Neuroptera: Chrysopidae), which
occur sympatrically in northeastern
United States. They share many impor-
tant features in their biology; for ex-
ample, the larvae of both species prey on
a variety of soft-bodied arthropods, and
the adults feed on honeydew and pollen
and have similar dietary requirements
for reproduction (6). Under laboratory
conditions these species hybridize and
produce fully viable and fertile F, and F,
offspring. However, in nature the two
species are reproductively isolated
through differénces in habitats and in
seasonal periods of reproduction {7).

The species C. carnea, which is multi-
voltine (producing several generations
each summer), occurs mainly in grassy
areas and meadows during its annual re-
productive period (late spring to the end
of summer). At this time the pale green
adults are cryptically colored against a
background of light green foliage. At the
end of summer, when reproduction
ceases, the adults enter reproductive dia-
pause and move to the senescent foliage
of deciduous trees. This movement by
the C. carnea adults is accompanied by a
change in color, from light gréen to red-
dish-brown, thus maintaining the adults’
camouflage in their overwintering site. In
contrast to C. carnea, C. downesi is a
univoltine, early-spring breeder, and it is
restricted to conifers throughout the
year. The very dark green color of C.
downesi adults camouflages them in their
coniferous habitat during both reproduc-
tion and diapause.
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In hybridization tests, individuals
homozygous for the semidominant auto-
somal allele,” G, exhibit the dark-green
phenotype of C. downesi adults, whereas
the recessive g alleles produce the light-
green phenotype. In Gg heterozygotes
color is intermediate, and the expressi-
vity of the G allele is modified by poly-
genes (8). Furthermore, single allele dif-
ferences at two unlinked autosomal loci
form the basis for the seasonal asynchro-
ny in the C. carnea and C. downesi re-
productive cycles—with C. downesi’s
univoltinism the result of recessive al-
leles (d,d, and d,d,) at both loci (9).

We propose that C. downesi’s speci-
ation from a C. carnea-like ancestor (10)
occurred in two steps, similar to those
proposed by Maynard Smith in his model
for sympatric speciation. The first step
included the establishment of a stable
polymorphism, based on a single pair of
alleles, through the action of disruptive
selection in a two-habitat situation. The
second step, the evolution of reproduc-
tive barriers between the forms occupy-
ing the two habitats, involved the estab-
lishment of the recessive alleles con-
trolling C. downesi’s univoltinism.

We propose that the first step in C.
downesi’s evolution was the selection for
homozygosity of gene G, the autosomal,
semidominant allele that produces the
dark-green adult color. This change al-
lowed the ancestral population of C.
downesi to occupy successfully a co-
niferous habitat that previously had been
unfavorable; against coniferous foliage,
the dark-green adults appear well con-
cealed, presumably from vertebrate
predators (/7). In contrast, the dark-
green color was deleterious in the origi-
nal habitat. The heterozygotes with their
intermediate coloration, though superior
to either form in the ‘“‘wrong’’ habitat,
were at a competitive disadvantage to
the homozygotes in their respective hab-
itats. Thus, the population was subjected
to disruptive selection which produced
and maintained a stable, two-allele poly-
morphism involving pale- and dark-green
color forms—each restricted and adapt-
ed to its own habitat. At this point in the
evolution of C. downesi, the polymorph-
ism would have been maintained by dis-
ruptive selection even if the two color
forms mated at random. There was no
genetically controlled preferential mat-
ing between the two forms; however, the
frequency of interform pairings was
probably low because the adults of each
form mainly occurred in their own habi-
tat.

With the establishment of the stable,
two-habitat polymorphism, each of the
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morphs was subject to the selective pres-
sures characteristic of its own habitat. In
the coniferous form, selection pressure
resulting from the annual occurrence of
food and competitors favored the restric-
tion of reproduction to early spring (/2).
Thus, on the one hand, early-spring re-
production synchronized the annual dis-
tribution of larvae and adults with the
occurrence of favorable conditions on
conifers; and, on the other hand, early-
spring reproduction acted as an effective
barrier to interbreeding between the
forms because of its asynchrony with re-
production by the nonconiferous form
).

The seasonally asynchronous repro-
duction by C. carnea and C. downesi re-
sults from single allele differences at
each of two autosomal loci (9). These al-
leles produce differential responses to
photoperiod which, in turn, are respon-
sible for the seasonal occurrence of re-
production in the two species (7-9).
Therefore, the recessive d, and d, alleles
that underlie C. downesi’s restricted uni-
voltine seasonal cycle also act as as-
sortative mating genes. We propose that
the selection for these alleles and their
replacement of their dominant D, and D,
counterparts in the coniferous form, con-
stituted the second step in C. downesi’s
speciation (/3). The d, and d, alleles
were probably strongly selected against
in the nonconiferous form because a high
rate of reproduction was advantageous
in the original habitat (grassy areas and
meadows), and even one recessive d, or
d, allele exerts a negative effect on the
reproductive rate (8). Thus, the d,, D,,
d,, and D, alleles were subjected to dis-
ruptive selection in relation to habitat.
The dominant D, and D, alleles were se-
lected preferentially in the original non-
coniferous form, and the recessive d,
and d, alleles replaced them in the con-
iferous form. With the completion of this
process, the seasonal cycles of the two
forms became asynchronous, inter-
breeding between the forms virtually
ceased, and C. downesi was established
as a species.

These events and our interpretation of
them do not imply that C. carnea and C.
downesi now differ by only three genes;
on the contrary, we have identified sev-
eral other areas of genetically based di-
vergence between the species (7, 8). Pre-
sumably, this divergence resulted from
the evolution of adaptive features that
further increased the fitness of the two
species in their respective habitats.

To summarize, the essential features
of our study are twofold. (i) As few as
three gene substitutions can result in

speciation in which the resulting species
have distinct habitat differences and effi-
cient premating barriers to hybridiza-
tion. (ii) Such gene substitutions can oc-
cur, in the absence of geographic isola-
tion, as a result of disruptive selection on
an interbreeding population. We expect
that this mode of speciation is not un-
common among animals with marked
habitat differences, and elsewhere (8) we
present a genetic model for speciation
through habitat diversification and sea-
sonal isolation.
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