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Abstract.—Host-associated mating is crucial in maintaining the partial reproductive isolation between the host races
of Eurosta solidaginis (Diptera: Tephritidae), a fly that forms galls on Solidago altissima and S. gigantea. (We refer
to flies reared from S. gigantea as gigantea flies and those reared from S. altissima as altissima flies.) We measured
the host preference of males and females of both host races, F; hybrids between the host races, F,, and backcrosses
to both host races. Male and female altissima flies and female gigantea flies had high host fidelity, whereas male
gigantea flies had low host fidelity. This result suggests that there may be gene flow between the host races due to
nonassortative mating that occurs when male gigantea mate with altissima females on S. altissima. This indicates
assortative-mating mechanisms in addition to host-associated mating are required to produce the partial reproductive
isolation between the host races that has been observed. Nongenetic factors had no influence on host preference.
Larval conditioning did not influence host preference: reciprocal F; hybrids reared in S. altissima and S. gigantea both
preferred S. gigantea. Adult experience had no impact on host preference: females preferred their natal host plant
regardless of which host they encountered first as an adult. The hypothesis that maternal effects influence preferences
was rejected because male and female flies did not show a consistent preference for the host plant of their mother.
We also found no evidence that preference was a sex-linked trait because F; and backcrosses to the host races with
different combinations of X chromosomes from the two host races preferred S. gigantea. Our results indicate that host
preference is not determined by a large number of genes because preference of hybrids did not correspond to the
proportion of the genome derived from each host race. The strength of the ovipuncture preference for S. gigantea by
gigantea females, the femal es of both reciprocal F; hybrids, the backcross to gigantea, and F,s indicates that preference
is inherited nonadditively at a limited number of loci. The F; female hybrids, however, had a weaker host preference
for S gigantea than the pure gigantea host race, indicating that there may be incomplete dominance or modifier loci.
Males had different host preference patterns than females, with individual male gigantea and male F; hybrids usually
exhibiting preference exclusively for S. gigantea or S. altissima. One hypothesis explaining the difference in host
preference between males and females is that the same gene influences both female and male host preference, but it
is a sex-influenced gene. Thus, males carrying the gene for S. gigantea preference have an intermediate host preference,
whereas females have a strong host preference to S. gigantea. In summary, we found that the host preference that
produces host-associated mating is inherited nonadditively at a relatively small number of loci on autosomal genes.
This mode of inheritance meets the assumptions of models of sympatric speciation, indicating that the host races could
have evolved in sympatry.

Key words.—Assortative mating, Eurosta solidaginis, gall, host preference, host race, hybrid crosses, Solidago, sym-
patric speciation.
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In herbivorous insects, changes in host-plant preference
for mating and oviposition sites are crucial in determining
whether host shifts, host expansion, or host specialization
occur. Changes in host preference can also be critical in the
formation of new species (Bush 1975; Tauber and Tauber
1989). Whether host shifts can result in sympatric speciation
is intensely controversial (for a review, see Bush 1994), al-
though there is increasing empirical evidence that it does
occur (Feder 1998; Feder et al. 1998). Recent models have
shown that sympatric speciation can take place under a va-
riety of ecologically plausible conditions (Johnson et al.
1996; Dieckmann and Doebeli 1999; Kondrashov and Kon-
drashov 1999). Sympatric speciation in herbivorous insects
due to a host shift requires genetically based changes in host
preference (Bush 1975; Futuymaand Mayer 1980). Computer
models show that sympatric speciation can occur even when
fitness in two habitats (such as two different host plants) and
mate choice are dependent on different, independently in-
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herited quantitative traits if there is disruptive selection
(Johnson et al. 1996). Kondrashov and Kondrashov (1999)
found that the likelihood of sympatric speciation increases
as the number of loci influencing fitness increases and as the
number of loci influencing mate choice decreases. Sympatric
speciation is facilitated if mate choice is coupled with host-
plant preference (Bush 1975; Rice 1984, 1987; Diehl and
Bush 1989). In this case, the same genes determine host
selection and assortative mating, so that assortative mating
is a correlated character of host preference, eliminating the
need for linkage between these loci (Rice 1984, 1987; Diehl
and Bush 1989; Johnson et al. 1996).

The assumptions of sympatric speciation models (Kon-
drashov and Mina 1986; Bush 1992) can be tested in pop-
ulations that are in intermediate stages of the speciation pro-
cess by studying the factors that impede or facilitate gene
flow. By examining populations that are partially reproduc-
tively isolated, it is possible to determine the factors that
contributed to the initiation of speciation. After speciationis
completed, many characters that were not responsible for
speciation may contribute to reproductiveisolation. Host rac-
es are populations that are partially reproductively isolated
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from each other due to their association with different host
plants (Diehl and Bush 1984) and thus are ideal for studying
the speciation process.

Many factors can influence host-plant preference, includ-
ing insect genetics, experience, and the physiological state
of theinsect (Miller and Strickler 1984; Courtney et al. 1989).
Sympatric speciation models include assumptions about the
inheritance of host preference, but how host preference is
inherited is relatively poorly understood (Thompson 1988).
We are aware of only one study that has examined the in-
heritance of oviposition preference between host races (Sezer
and Butlin 1998). Sezer and Butlin found that host preference
is determined by a small number of loci, with dominance for
the preference for one host plant. Studies of other levels of
reproductive isolation also indicate that a relatively small
number of loci may control host preference. Huettel and Bush
(1972) conducted hybridization studies on two species of
tephritid, gall-inducing flies and concluded that oviposition
preference was strongly influenced by one locus with a mod-
ifier locus. Carson and Ohta (1981) conducted hybridization
studies between two allopatric populations of Drosophila
grimshawi. They found that preference was determined by a
single-locus, two-allele system, indicating that simple genetic
determination of host preference is possible.

Adult or larval experience can also potentially influence
host preference and the course of speciation. Several studies
have demonstrated that adult experience can influence host
preference (Wood 1980; Jaenike 1982, 1990; Prokopy et al.
1982; Wood and Guttman 1983). It has also been proposed
(Craighead 1921), but never clearly established (Mitter and
Futuyma 1983), that larval experience can influence adult
host preference. Huettel and Bush (1972) concluded that lar-
val conditioning had an important impact on adult host pref-
erence in hybridization studies of two tephritid gall-inducers.
Jaenike (1988) developed a model that showed that experi-
ence combined with genetic differences in host preference
could lead to more rapid differentiation of populations than
genetic factors alone. Although conditioning may facilitate
initial host shifts, it cannot lead to sympatric speciation,
which is defined as the genetic differentiation of populations
(Kondrashov and Mina 1986; Johnson et al. 1996.)

In this study, we assessed the impact of adult experience,
larval experience, and genetics on host preference in Eurosta
solidaginis, a tephritid fly that induces galls on two species
of goldenrod, Solidago altissima and S. gigantea. We will
refer to flies that originate on S. altissima as altissima flies
and those that originate on S. gigantea as gigantea flies. The
fly populations on these two plant species have been hy-
pothesized to be host races that originated in sympatry (War-
ing et al. 1990; Craig et al. 1993; Brown et a. 1996; Itami
et al. 1998). Data support the hypothesis that the population
on S. gigantea originated via a host shift by flies from S
altissima (Waring et al. 1990; Brown et al. 1996; Itami et al.
1998). The host races are genetically differentiated, having
small but significant differences in allozyme frequencies
(Waring et a. 1990; Itami et al. 1998). Characteristics of the
host races meet critical assumptions underlying sympatric
speciation models. First, there is strong assortative mating
due to host-plant preference (Craig et al. 1993). Second, there
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is strong disruptive selection for mating-site and oviposition-
site selection (Craig et al. 1997).

In this study we asked three questions: (1) What is the
host fidelity of males and females of the two host races?
Habitat fidelity can be defined as the probability that an in-
dividual will be found in the habitat where it is most fit
(Johnson et al. 1996). Eurosta solidaginis mates on the host
plant and individuals that mate on the alternative host plant
produce F; hybrids that have low fithess (Craig et al. 1997).
Thus, the tendency to remain on and mate on the natal host
plant is a measure of habitat fidelity that we will term host
fidelity. The strength of host fidelity will influence the
strength of reproductive isolation. By measuring the strength
of host fidelity of each host race and of hybrids between
them, we can assess the conditions that either facilitate or
impede gene flow between the host races. (2) Is host pref-
erence a genetically determined trait or does larval or adult
experience influence adult host preference? Sympatric spe-
ciation models require genetic determination of host pref-
erence. Host preference is nonrandom oviposition on plant
resources that are offered simultaneously or sequentially; a
preferred oviposition site is one that is attacked at a higher
rate than if attack were random (Craig et al. 1989). Host
preference may or may not correlate with host fidelity. (3)
What is the mode of inheritance of host preference? Once
we determined that host preference was a genetically deter-
mined trait, we examined its mode of inheritance, which will
also help elucidate the conditions under which gene flow is
likely to occur. Whether alleles for host preference are dom-
inant or sex linked will influence the direction of gene flow.
Determining the number of genes involved will reveal how
well the characteristics of these host races fit the assumptions
of sympatric speciation models.

Tests of Hypotheses on the Determinants of Host Preference

To answer the three questions listed above, we tested the
specific hypotheses listed below by examining the prefer-
ences of both host races, F; hybrids between the host races,
and backcrosses. The degree of assortative mating due to
host-plant preference depends on the behavior of both males
and females. However, male behavior has been almost com-
pletely ignored in previous studies. Therefore, we tested all
of these hypotheses (except the adult experience hypothesis)
on both males and females.

Hypotheses on genetic factors influencing host preference

The autosomal gene hypothesis.—This hypothesis proposes
that host preference depends on the autosomal genotype of
the fly. It predicts that the males and females resulting from
reciprocal F; crosses will have the same host preference re-
gardless of the host plant that they had been reared in or the
direction of the cross. Two variants of this hypothesis are
given below.

The autosomal gene with dominance hypothesis predicts
that preference is determined by autosomal genes with one
alele for host preference exhibiting dominance. It predicts
that both reciprocal F; hybrids will have a preference for the
same host species. If preference is determined at a single
locus with dominance, then we would expect the following
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three results, and this would allow us to reject the polygenic
hypothesis: (1) complete preference in the backcross to the
host race with the allele for dominant preference; (2) a 1:1
ratio in host preference in the backcross to the host race with
the allele for recessive preference; and (3) a 3:1 ratio in host
preference in the Fss.

The polygenic autosomal gene hypothesis is that multiple
autosomal loci influence host preference. Polygenic inheri-
tance of preference could produce complex patterns of pref-
erence among different crosses depending on how many loci
were involved and the dominance relationships among al-
leles. Alternatively, if there were completely additive genetic
variance, then it would be predicted that flies would have
intermediate preferences relative to the proportion of their
genome derived from each host race.

The sex-linked trait hypothesis.—Under this hypothesis, the
genes that influence host preference are located on the sex
chromosomes. It predicts that the reciprocal male F; crosses
will prefer the host plant of their mother because genes for
preference are carried on the X chromosome. The hypothesis
also predicts that female backcrosses that are homozygous
for X chromosomes from the host races would differ in host
preference from those heterozygous for the X chromosomes.

The maternal effect hypothesis.—This hypothesis proposes
that offspring will prefer their mother’s host plant due to the
inheritance of extra-nuclear factors from the mother. The
hypothesis predicts that reciprocal F; crosses between the
host races will have different host preferences: each will pre-
fer the host plant of the mother.

Hypotheses on nongenetic factors influencing host
preference

The adult experience hypothesis.—Regardless of their ge-
notype, offspring will prefer the resources that they first ex-
perienced as adults.

The larval experience hypothesis.—Regardless of their ge-
notype, adults prefer their larval host plant. This hypothesis
predicts that F; hybrids between the host races reared on
different hosts should have opposite preferences: each should
prefer the host they were reared on.

Natural History of Eurosta solidaginis

Uhler (1951) described the life history of E. solidaginis,
and Abrahamson and Weis (1997) provided an extensive re-
view of the evolution and ecology of this species. Ming
(1989) recognized two subspecies of E. solidaginis on the
basis of wing morphology. All flies in this study are of the
eastern subspecies, E. solidaginis solidaginis. Eurosta soli-
daginis induces stem galls on two goldenrod species, S. al-
tissima and S. gigantea. Genetic individuals of these two
goldenrod species can form extensive clones through lateral
spread of rhizomes. Eurosta solidaginis is univoltine and, in
Minnesota, adults emerge in mid to late May. The mean
emergence time of gigantea flies is 2-21 days earlier than
that of the altissimaflies (Craig et al. 1993; Itami et al. 1998).
Adult E. solidaginis live for approximately 10 days. Each
host race mates on the bud of their host plant (Craig et al.
1993). Males sit at the top of a bud and wait for females to
alight for mating or watch for females on nearby buds (T.
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Craig, J. Itami, and J. Horner, pers. obs.). After mating, fe-
males inject an egg into the unexpanded leaves of a host
plant’s terminal bud. Insertion of the ovipositor leaves avis-
ible wound that we term an ovipuncture. An egg is not in-
serted with every ovipuncture. After hatching, the larva bur-
rows down the bud several millimeters before settling just
below the apical meristem. Galls become apparent 21 days
after oviposition. The larvae reach maximum size by the end
of the growing season and overwinter within the gall. Most
stems are host to a maximum of one fly.

METHODS

All preference tests were conducted in outdoor cages at
Cedar Creek Natural History Area (CCNHA), 50 km north
of Minneapolis, Minnesota in Bethel, Minnesota from 1993
to 1996. Except for those in the adult-experience experiment,
all flies experienced a common environment prior to the ini-
tiation of preference testing. In the first 3 years, flies were
reared on host plants grown in a common garden that is
described in Craig et al. (1997). In the common garden, rep-
licates of the two host species were grown in 1-m2 plots. The
two plant species were distributed in a checkerboard pattern
in the garden. Mating combinations were randomly assigned
to plots within the garden. In 1996, the flies were reared from
plants grown in 20-L pots. Oviposition occurred in 10 large
cages, as described in Craig et al. (1999). After oviposition,
the plants were randomly mixed together. The P, flies used
in the experiments consisted of a mixture of flies reared in
the common garden and from galls collected in the field the
previous fall from both host species in a 50-km radius of
Minneapolis, Minnesota. We used wild flies to run tests of
P, flies simultaneously with all tests on the hybrids. The
relatively small number of flies from the garden did not al-
ways provide a sufficient number of P, flies for comparison
with the hybrids.

Female flies were mated before being preference tested
because unmated females will not oviposit (Uhler 1951; T.
Craig, J. Itami, and J. Horner, unpubl. data). Females were
then preference tested in the absence of males because we
wanted to measure host preference in the absence of nonhost-
associated mating. The presence of mates would have intro-
duced a confounding variable into the measurement of host
preference. Females will mate more than once (T. Craig, J.
Horner, and J. Itami, unpubl. data), and both host races have
a strong preference for mating on their host plant (Craig et
al. 1993), so measuring host preference after theinitial mating
still gives an indication of mating-site preference. Male pref-
erence was tested using unmated males. Unmated males as-
sume positions on the bud of host plants whether in the pres-
ence or absence of females (Craig et al. 1993). Mating- and
oviposition-site preferences were highly correlated in pre-
vious studies (Craig et al. 1993).

Except for those flies in the adult-experience experiment,
flies were not exposed to plants prior to their preference test.
All flies were reared from galls stored in screen bags mixed
together for overwintering in outdoor cages. Flieswere mated
in 0.125-m3 screen cages without host plants. Mating usually
occurs the morning after emergence and femalesimmediately
begin to oviposit. Flies that mated soon after conditions be-
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came favorable were immediately placed in the preference
cages. Any flies that had not completed mating before 1100
h were held in cool, moist conditions until the following
morning for preference testing. If a fly was mated one day
but had not been preference tested, then it was placed in a
preference cage early the next morning before temperature
and light conditions reached the thresholds where flies be-
came active. This avoided the confounding variable of testing
preference under different environmental conditions.

Host preference was measured in choice arenas, which
were 1-m3 cages containing 10 host plants growing in 3.8-L
pots, five with a single ramet of S altissima and five with a
single ramet of S. gigantea. Ramets were grown from rhi-
zomes potted the previous year that were collected from a
wide range of sites within 20 km of CCNHA. We drew num-
bers to randomly assigned flies to a choice arena. Flies were
released on a neutral surface in the center of the arena and
allowed to select from among the potential hosts. Twenty
choice arenas were available to be used simultaneously, al-
though usually fewer replicates were running at any onetime.
After each preference test, the plants in each cage were re-
placed with new potted plants, randomly selected from a
common pool of plantsthat had not been ovipunctured, before
the next replicate was run.

Except for flies in the adult-experience experiment, we
measured host preference for males and females as the pro-
portion of time spent on each host plant. Males occupy po-
sitions at the top of a bud and wait for females to alight for
mating. Thus, the amount of time spent on the bud indicates
mating-site preference and the potential for mating with the
other host race. Females mate either when they initially alight
on a bud occupied by a male or when males approach them
while they are ovipositing on a bud. Female preference was
also measured by counting the number of ovipunctures on
each host plant because the number of ovipuncturesis strong-
ly correlated with the number of eggs oviposited (Craig et
al. 1997). In addition, oviposition-site preference is highly
correlated with mating-site preference (Craig et al. 1993).

Larval Experience, Maternal Effects, and the Mode of
Inheritance of Host-Plant Preference Experiments

To test the larval experience, maternal effects, autosomal
genotype, dominance, sex-linked gene, and polygenic hypoth-
eses, we measured host preference of Py, reciprocal F; cross-
es, F,, and backcross generations in the choice arenas. The
F, flies were produced by mating female gigantea and male
altissima (the GA cross) and by mating female altissimawith
male gigantea (the AG cross). The females then oviposited
into their natal host plants: gigantea females into S. gigantea
and altissima females into S. altissima. The F, flies on each
host species thus had the same |larval experience and maternal
influences but a different genetic composition from the P;s
on that host. If the F; and P, flies reared from the same host
species differed in preference, we could conclude that neither
larval experience nor maternal effects had an influence on
preference. However, if the F; and P; offspring reared on the
same host had the same host preferences, it would be im-
possible to know whether larval experience, maternal effects,
or both had influenced host preference. We did not attempt
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to have the flies oviposit into the alternative host plant be-
cause the extremely strong host preference of both host races
(Craig et al. 1993) makes it very difficult to obtain an ade-
quate number of ovipositions on the alternative host plant.
In addition, attempts to transfer E. solidaginis eggs dissected
from one host plant to the alternate host plant failed.

Backcross flies were predominantly produced by mating
F, females with the males of each host race. A few backcross
hybrid offspring were also produced by crossing F; males
with females of each host race. The hybrid flies were pro-
duced from crosses that were reared in an experimental gar-
den described in Craig et al. (1997) and from large population
cages.

All mating combinations were preference tested simulta-
neously each year with two exceptions. The F, flies were
preference tested only in 1993. In 1996, only P;s and F;
hybrids were tested, because backcross offspring did not sur-
vive. Each day, all available mating combinations of both
sexes were started simultaneously. The number of replicates
of each mating combination that were run each day varied
due to the yearly variation in survival among crosses (see
Craig et al. 1997) and due to daily variation in the emergence
of the hybrid flies. For example, because of the small number
of F, fliesavailable, there were many dayswhen thisreplicate
was not run. Preference tests of P, flies (of the same sex as
the hybrid combinations being tested) were run each day at
the same time as the hybrid combinations. The emergence
rates of the two host races normally peaks at slightly different
times (Craig et al. 1993; Itami et al. 1998). Therefore, gall-
rearing temperature was regulated on a large sample of both
host races to ensure the continuous emergence of P, flies
from both host races throughout the experimental period.

The host preference of each fly was measured during a 2-
h period of activity in the choice arenas. In this experiment,
plants were distributed in the choice arenas in such away as
to simulate the clonal growth pattern of goldenrod in the
field. To accomplish this, plants were arranged in a circle
that consisted of two semicircles of each host species. The
semicircles of ramets were oriented in one of thefour cardinal
directions at random among trials. Flies were placed on a
wooden pot stake in the center of the experiment to start the
trial. The 2-h period was initiated when the fly flew from the
stake. Every 10 min the position of the fly was recorded. If
the fly was on a plant, the species was noted. If a fly was
found on the cage, it was replaced on the stake. If afly became
inactive, those periods were not counted as part of the 2-h
period. Inactivity was defined as a total lack of movement
over a 10-min period. Inactivity was usually due to weather
conditions. Cloudy weather and temperatures that are too
warm or cold will quickly cause E. solidaginis to become
inactive (Uhler 1951; Abrahamson and Weis 1997). If afe-
male fly did not exhibit oviposition behavior or if amale fly
did not land on a bud during the 2-h period, the trial was not
included in the analyses. If possible, the fly was placed in
another trial on a subsequent day. Oviposition behavior was
defined as searching the bud and pausing to probe it with the
ovipositor. Not all females that searched buds oviposited.
Flies were cryptic and the trial was not included in the anal-
ysis of host preference based on the time spent on a plant if
the fly could not be located in two consecutive observation
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periods. Ovipunctures were used as a measure of oviposition
preference. Female flies were included in the analysis of ovi-
position preference based on ovipuncture number evenif they
were not observed in every time period. They were included
if they were observed at least in the first and last periods.
This ensured that all oviposition had occurred in a2-h period.
We did not determine egg number because this requires de-
structive sampling, and we wanted to rear the flies for use
in further experiments. There is a highly significant corre-
lation between number of ovipunctures and the number of
eggs oviposited in both host races (Craig et al. 1997).

Adult Experience Experiment

To test the adult experience hypothesis, flies of both host
races were reared from pupariathat were dissected from galls
to preclude exposure to potential cuesin the gall during emer-
gence as adults. Once adults had emerged, femal es were mat-
ed with males of the same host race in the absence of any
host plants. Mated females (40 of each host race) were ran-
domly assigned to one of two treatments: initial exposure to
S. altissima or initial exposure to S. gigantea. Four cages
were used for theinitial exposure. Each initial-exposure cage
was constructed of nylon mesh and measured 1.5 m high X
1 m length X 1 m width. Two cages contained four 20-L
pots of S. altissima, and the other two cages contained four
20-L potsof S. gigantea. We set aperiod of 2 h of continuous,
active searching of the host plant as the minimum initial-
experience period. We surveyed cages every 20 min for ac-
tivity. When the weather is cool or cloudy, flies are inactive
and do not search the host plant (Uhler 1951; T. Craig, J.
Itami, and J. Horner, unpubl. data). The summer of 1993 was
exceptionally cool and cloudy, so acquiring a 2-h period of
activity sometimes took up to 72 h. After an initial exposure
lasting at least 2 h (and aslong as 72 h, depending on weather
conditions), females were placed individually into choice are-
nas. The choice arenas were 1-m3 cages constructed of nylon
mesh. Each choice arena contained five 3.8-L pots of each
of the two host species (10 pots total). Each pot contained a
single ramet, and the pots were randomly assigned to a po-
sition in acircular array. Females were placed onto a neutral
surface (a wire flag) in the center of the choice arena. They
were left in the choice arena for 1 h or until at least three
plants were ovipunctured, whichever came first. The plant
species ovipunctured were then recorded.

Satistical Analysis

Host preference was analyzed using one-way analysis of
variance (ANOVA) on the proportion of total ovipunctures
and the proportion of total time spent on S. gigantea. Periods
spent on neutral surfaces, such as the cage, were not used in
calculating the time ratios. Treatments were not included in
the analysisif we had five or fewer replicates. All proportions
were arcsine-square-root transformed prior to analysisto nor-
malize the variance. To examine which treatments differed
significantly, we used Tukey’s multiple range tests.

REsuLTS
Inheritance of Host Preference Experiments

We had nearly 100% mating success for all hybrid males
and femal es, which indicates that these flies had normal vigor.

7

181 M ] 2
15 - 3 AA females
= GG females
12 1
9 p
6
3 i
0 1 ' lj ' ' l'
100% 50% 100%
S. altissima Each S. gigantea
S 18 b
= | =3 AG females
w 15 ZZZ3 GA females
S 12 1
o 9
0
6 ]
£
> 3
Z 5 H'rllnlnln_ Inﬁlrzﬂ, !
100% 50% 100%
S. altissima Each S. gigantea
16 1 2 [ C
14 XA BA females F
12 X3 BG females
10
8 3
6 ]
4 1 %l
2 1 p 5
0lm — X ol
100% 50% 100%
S. altissima Each S. gigantea

Host-Plant Preference
by Ovipunctures

Fic. 1. Intheinheritance of preference experiment, the individual
ovipuncture preferences of: (a) the P;s, AA (altissima female X
altissima male) and GG (gigantea female X gigantea male); (b) the
F, hybrids between the host races, AG (altissimafemale X gigantea
male) and GA (gigantea female X altissima male); and (c) the
backcrosses of F;s with the pure host races, BG (F; X gigantea
male or female) and BA (F; X altissima male or female).

However, we cannot make a meaningful statistical compar-
ison of mating frequencies between hybrid and pure host race
flies because we made an extra effort to obtain the maximum
number of hybrid flies for preference testing by carefully
controlling the light, humidity, and temperature conditions
in the hybrid-mating cages. Normal vigor of females of dif-
ferent crosses is also indicated by ovipuncture rate: females
from different crosses did not differ in the mean number of
ovipunctures made in a 2-h period (mean = SD = 21.93 *
2046, F6,106 = 201, P> 005)

There were significant differences in ovipuncture prefer-
ence among female flies of different crosses (Fig. 1, one-way
ANOVA F,q; = 78.37, P < 0.0001). Both the AA and GG
females (the pure host races) exhibited strong host fidelity,
ovipuncturing only their natal host plant. Dominance of S.
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gigantea preference was indicated by the ovipuncture pref-
erence for S. gigantea by the AG, GA, and BG crosses.

A Tukey’s test divided the ovipuncture preferences of the
crosses into three mutually exclusive groups. The first group
consisted only of altissima females (AA) that oviposited ex-
clusively on S altissima.

The second group identified by the Tukey’s analysis in-
cluded gigantea (GG) flies that oviposited solely on S. gi-
gantea and the BG cross that ovipunctured over 97% of the
time on S. gigantea (Fig. 1c). Only one of the 17 BG females
ovipunctured both host species. The sex-linked hypothesis
was not supported because these BG females had different
combinations of X chromosomes from the two host races,
but they had the same host preference. Fifteen of the BG
females were produced by mating AG or GA females, which
had one X chromosome from the altissima host race and one
X chromosome from the gigantea host race, with gigantea
(GG) males. The expected ratio of offspring from this cross
would have would have been 50% homozygous for gigantea
and 50% heterozygous for the X chromosomes from the two
host races. Mating gigantea females in a cage with F; males
from both reciprocal crosses produced the remaining two BG
females. Because the host race origin of the X chromosome
from the F; male could not be determined, these females
could again have been heterozygous or homozygous for their
X chromosomes.

The third homogenous group as determined by the Tukey’s
analysis consisted of the AG and GA crosses, which pre-
dominantly ovipunctured S. gigantea (mean percent of ovi-
punctures on S. gigantea = SD; GA = 83.0 = 28.0%; and
AG = 78.0 = 36.0%) but which also occasionally oviposited
on S altissima. The results do not support the prediction of
the larval experience hypothesis that the GA cross would
prefer S. gigantea where it developed, and that the AG cross
would prefer S, altissimawhereit matured. Individual females
had a range of ovipuncture preferences (Fig. 1b) with 50%
of the GA cross and 33% of the AG cross making at least
one ovipuncture on S. altissima.

Due to small sample size, the BA and F, flies were not
included in the statistical analyses. Of the five backcross
altissima females, three had strong ovipuncture preferences
for S, altissima and two had astrong preferencefor S. gigantea
(Fig. 1c.). All four F, females oviposited exclusively on S
gigantea.

Females of different crosses differed in the proportion of
time they spent on each host plant (Fig. 2, F4 9, = 14.78, P
< 0.0001). Host fidelity of the pure host races, as measured
by the amount of time spent on the host plant, was weaker
than host fidelity as indicated by the proportion of ovipunc-
tures on the natal host plant. A Tukey’s analysis showed that
crosses fell into two homogeneous groups. The first group
contained only AA females, which spent a large mgjority of
their time on S. altissima. The second group consisted of the
GG, AG, GA, and BG crosses that all tended to prefer S
gigantea. This similarity in host preference of the hybrids to
the pure gigantea host race again support the dominance hy-
pothesis. Due to small sample size, the BA and F, flies were
not included in the statistical analyses.

Males from different crosses differed in their host pref-
erences (Fig. 3, F4 g6 = 14.78, P < 0.0001) and males of the
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Fic. 2. In the inheritance of preference experiment, the distribu-
tion of time spent on the two host plants by females of: (a) the P;s,
AA (altissima female X altissima male) and GG (gigantea female
X gigantea male); (b) the F; hybrids between the host races, AG
(altissima female X gigantea male) and GA (gigantea female X
altissima male); and (c) the backcrosses of F;s with the pure host
races, BG (F, X gigantea male or female) and BA (F; X altissima
male or female).

pure host races differed in their degree of host fidelity. A
Tukey’s test divided the crosses into three groups. The first
group consisted of AA males that had a strong preference
for their own host plant; only four of 37 AA males were
recorded on a S. gigantea bud (Fig. 3a). The second group
consisted of the GG, GA, and AG crosses that did not have
consistent host preferences. Individual malesin these crosses
frequently showed an exclusive preference for either S. al-
tissima or S. gigantea (Fig. 3a, b). The similarity of host
preferences between the pure gigantea (GG) and the F, cross-
es (mean percent of time on S. gigantea = SD; GG = 56.25
+ 47.58%; and AG = 56.25 = 45.00%, GA = 42.01 =
48.48%) supports the dominance hypothesis. The prediction
of the sex-linked hypothesis that each cross should prefer the
host of the mother was not supported. The GA and AG crosses
had X chromosomes from different host races, but they had
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Fic. 3. In the inheritance of preference experiment, the distribu-

tion of time spent on the two host plants by males of: (a) the P;s,
AA (altissima female X altissima male) and GG (gigantea female
X gigantea male); (b) the F; hybrids between the host races, AG
(altissima female X gigantea male) and GA (gigantea female X
altissima male); and (c) the backcrosses of F;s with the pure host
races, BG (F; X gigantea male or female) and BA (F, X altissima
male or female).

similar host preferences. Note also that AA males and AG
males, both of which had an X chromosome from the altis-
sima race, had different host preferences. The third group
consisted of the BG cross that had a stronger preference for
S. gigantea (Fig. 3c) than the GG flies. Due to small sample
size, the BA and F, flies were not included in the statistical
analyses. The three F, male flies all had a preference for S.
gigantea.

Adult Experience Experiment

The adult experience hypothesis was not supported be-
cause, with only one exception, females ovipunctured only
their natal host species, regardless of initial experience(Table
1). The bud from the one exception was dissected and we
found that an egg had been oviposited.
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TaBLE 1. Host preference in the adult experience experiment. The
number of mated female flies choosing each host plant (Solidago)
species. Theresultsare given for thefirst three host plants ovipunctured
by each fly.

Acceptance
Fly host race Initial experience S gigantea S altissima
gigantea S gigantea 20 0
S altissima 20 0
altissima S altissima 0 20
S. gigantea 1t 19

1Only one host plant was oviposited by this female.

Discussion

Our results indicate that host preference in E. solidaginis
is inherited nonadditively at a limited number of autosomal
loci. No evidence of nongenetic influences on preference was
detected: preference was not significantly influenced by larval
or adult experience. Autosomal inheritance is indicated be-
cause the predictions of the sex-linked and maternal-effects
hypotheses were not supported. Contrary to the prediction of
the sex-linked trait hypothesis, male F, progeny from the two
reciprocal crosses, with X chromosomes from different host
races, had the same host preferences. This hypothesis also
predicted that host preference of BG females homozygous
for their sex chromosomes would differ from that of BG
females heterozygous for their sex chromosomesin their host
preference, but they did not. Contrary to the prediction of
the maternal effects hypothesis that flies should prefer the
host plant of their mother, both F, crosses preferred S. gi-
gantea.

The strong ovipuncture preferences for S. gigantea of the
AG, GA, and BG females (i.e., similar to that of the pure
gigantea [GG] females) support the dominance hypothesis.
An intermediate ovipuncture preference, however, was found
in some AG and GA hybrids, which is very rare in the pure
host races (this study; Craig et al. 1993; Itami et al. 1998).
Intermediate preference could be due to incomplete pene-
trance of the dominant allele or aleles for S. gigantea pref-
erence. It may also indicate that other modifer genesinfluence
the expression of host preference.

The similarity of host preferences of GA and AG males
to that of the pure gigantea host race males (GG) also sup-
ported the dominance hypothesis. Most individuals from
these populations spent their time exclusively on one or the
other host species. This could have resulted from an absolute
host preference for one host species by each individual. Al-
ternatively, it could result from an intermediate host pref-
erence. In studies where males were continuously observed,
they rarely move once they have landed on a host plant (T.
Craig, J. Itami, and J. Horner, unpubl. data). Thus, males may
have stayed on the first plant that they encountered by chance,
even if they would accept both host species.

Male GG, AG, and GA had intermediate host preferences,
whereas the females from these crosses had a strong pref-
erence for S. gigantea. One hypothesis explaining these sex-
ual differences in host preference is that host preference is
a dominant, sex-influenced trait. As a result, the gene that
produces strong S. gigantea preference in females could pro-
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duce an intermediate host preference in males. Pure altissima
males that were homozygous for the altissimapreferencegene
had high host fidelity. Males that were homozygous or het-
erozygous for gigantea genes had an intermediate host pref-
erence. The extremely strong host preference of the BG males
for S gigantea is enigmatic, and it is not explained by this
hypothesis. An alternative hypothesis is that host preference
may be determined by different loci in males and females.

The prediction of the polygenic hypothesis that a hybrid
(F4, F», and backcrosses) host preference would correspond
with the proportion of the genome derived from each host
race was not supported. The preference pattern suggests that
a single gene of large effect strongly influences oviposition
preference. Larger sample sizes for the behavior of backcross
and F, flies are needed so that their preference ratios could
be statistically tested against the expected Mendelian ratios
if preference was determined by different numbers of genes.
It has been difficult to obtain more backcrosses to the altis-
sima host race to test this hypothesis. F; hybrids have alow
survival rate on most genotypes of both hosts, making it
difficult to obtain the large numbers of F; flies needed to
form backcrosses. The backcrosses to altissimaalso have had
extremely low survival. In two of the four years, we did not
obtain any backcross altissimasurvivors(T. Craig et al. 1997,
T. Craig, J. Itami, and J. Horner, unpubl. data). Thisindicates
that there may be postreproductive barriers to gene flow.
Craig et a. (1997) hypothesized that this postreproductive
isolation is due to adaptation to host plants by the host races
and not genetic incompatibilities of the populations. F; hy-
brids can survive on particularly benign genotypes of host
plants of both species (Itami et al. 1998; T. Craig, J. Itami,
and J. Horner, unpubl. data), providing support for this hy-
pothesis.

Implications for Gene Flow between the Host Races

Mate preference is strongly influenced by host-plant pref-
erencein E. solidaginis (Craig et al. 1993; Itami et al. 1998),
so weak host fidelity creates the potential for gene flow. Pat-
terns of host preference and survival indicate that gene flow
would be primarily unidirectional from the altissima to the
gigantea host race. The low host fidelity of gigantea (GG)
males creates the greatest potential for gene flow resulting
from mating between gigantea males and altissima females
on S altissima plants. The resulting F; females (AG) would
have a preference for S. gigantea, so they would be most
likely to mate with gigantea males. Male F; flies have in-
termediate preferences, so some flies would also backcross
to the gigantea host race. These backcrosses to gigantea have
a high survival rate (Craig et al. 1997), indicating that in-
trogression of altissima alleles into the gigantea host race is
possible. Both sexes of these gigantea backcrosses also have
a strong preference for S. gigantea, promoting introgression
into the gigantea host race. Introgression from the gigantea
to the altissima host race would be limited. Male F4 flies had
intermediate host preferences, so some flies could also back-
cross to the altissima host race. However, gene flow in this
direction would be minimized because of the low survival
rate of altissima backcrosses (Craig et al. 1997; T. Craig, J.
Itami, and J. Horner, unpubl. data).
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Thelow host fidelity of giganteamales createsthe potential
for extensive gene flow that could obliterate host-race dif-
ferences, but several other factors may limit nonassortative
mating. First, there is weak assortative mating in the absence
of the host plant (Craig et al. 1993). Second, allochronic
isolation limits opportunities for interhost race matings: gi-
gantea males have the earliest emergence times and altissima
femalesthe latest (Craig et al. 1993; Itami et al. 1998). Third,
spatial isolation between the host species in some areas may
limit encounters between the host races. Finally, host fidelity
of males may increase in the presence of females: there was
nearly complete assortative mating on the host plants when
both host races and host species were present in experimental
cages (Craig et al. 1993).

Low gigantea host fidelity may be expressed under some
conditions but not others, creating spatial and temporal var-
iation in gene flow. Relatively strong genetic differentiation
wasindicated in the eastern United States (Waring et al. 1990;
Brown et al. 1996), but low levels of differentiation were
found in Minnesota, where this study was conducted (Waring
et al. 1990; Itami et al. 1998). Experimental studies have
shown that when S. gigantea is absent or when the host spe-
cies are mixed together, gigantea males are likely to move
to S altissima and mate there, whereas gigantea females and
altissima males and females will not shift host species (Itami
et al. 1998). Therefore local variation in the spatial distri-
bution and emergence times of the host races may determine
the rate of gene flow due to gigantea male host infidelity in
different locations (Itami et al. 1998).

Implications for Speciation

The E. solidaginis host races meet critical assumptions of
sympatric speciation models. They have genetically based
host preferences determined by a limited number of loci,
which satisfies a critical assumption of sympatric speciation
models for herbivorous insects (Bush 1975; Futuyma and
Mayer 1980; Kondrashov and Mina 1986; Johnson et al.
1996; Dieckmann and Doebeli 1999; Kondrashov and Kon-
drashov 1999). Host preference createsreproductiveisolation
(Craig et a. 1993), so the host races satisfy the requirement
that sympatric speciation is possible when more than one
(but asmall number of) loci determine reproductive isolation
(Johnson et al. 1996; Dieckmann and Doebeli 1999; Kon-
drashov and Kondrashov 1999). Kondrashov and Kondrashov
(1999) also found that the probability of sympatric speciation
increases as the number of loci influencing fitness in two
different habitats increases, and Craig et a. (1997) concluded
from a study of E. solidaginis that the adaptations required
for survival on the two host species were probably influenced
by a large number of loci.

The host races of E. solidaginis have diverged so that there
is an association between preference for a host plant and
fitness on that host plant (Craig et al. 1993, 1997; Itami et
al. 1998). The sympatric speciation model of Johnson et al.
(1996) indicates that this stage could have been reached as
the result of a shift in host preference that created partial
reproductive isolation followed by the genes for fitness in
the two habitats coming into linkage disequilibrium with
genes for habitat preference. The Johnson et al. (1996) model
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also indicates that following this initial divergence, the evo-
lution of disequilibrium among genes for habitat preference,
those for habitat fitness, and those for nonhabitat assortative
mating can lead to the rapid evolution of complete repro-
ductive isolation. Nonhabitat assortative mating in E. soli-
daginisresults from the allochronic isolation of the host races
and weak assortative mating in the absence of host plants
(Craig et al. 1993). Experimental studies have indicated that
the allochronic isolation may have evolved as a reproductive
isolating mechanism (Horner et al. 1999). Strengthening of
these traits could lead to the evolution of complete repro-
ductive isolation and speciation.
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