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Abstract—In spring, adult males of the gall waspAntistrophus rufusL. emerge
from inconspicuous galls in stems of their host plantSilphium laciniatumL. and
search for sites on stems where females will later emerge. The behavior of males
suggests that they use olfaction rather than visual or tactile cues in searching for
mates. In an earlier publication, we reported that galls ofA. rufuswere associ-
ated with changes in enantiomeric ratios ofα- andβ-pinene emitted by plant
stems, and hypothesized that monoterpene stereochemistry served as a mate lo-
cation cue for adult males. Here, we support this hypothesis with bioassays that
demonstrate that males can discriminate between galled and ungalled stems, as
well as between blends of synthetic monoterpenes with ratios of enantiomers
representative of galled and ungalled stems.
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INTRODUCTION

Larvae ofAntistrophus rufusL. (Hymenoptera: Cynipidae) feed within ellip-
soid galls (∼3-mm long) in flowering stems ofSilphium laciniatumL., an aster-
aceous prairie perennial (Gillette, 1891; Tooker et al., 2002, 2004; Tooker and
Hanks, 2004a,b). Unlike most galling insects, development ofA. rufusgalls does
not alter the physical structure of the stem surface (Gillette, 1891; Tooker and
Hanks, 2004b). Adult males emerge before females in spring and locate areas on
dead stems of host plants, in the apparent absence of visual or tactile cues, where
females will later emerge (Tooker et al., 2002). Males defend these diminutive
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territories, driving off other males by charging and head butting (Tooker and Hanks,
2004b).

Antistrophus rufusmales display characteristic behaviors while searching
for mates on plant stems, turning frequently, lowering their heads, and rapidly
drumming their antennae on the stem surface (Tooker et al., 2002; Tooker and
Hanks, 2004b), suggesting that males use olfactory cues to detect females in stems.
Ratios of monoterpenes emitted by dead stems ofS. laciniatumincludedα-pinene,
β-pinene, and camphene, but these compounds were produced in similar amounts
by galled and ungalled stems (Tooker et al., 2002). Enantiomeric ratios [+:−] of
bothα- andβ-pinene, however, approximated 50:50 in ungalled stems but were
significantly skewed in both directions in galled stems (camphene was 100% [−] in
all stems; Tooker et al., 2002). Skewness of enantiomeric ratios in both directions
suggests that oviposition by gall wasps, or feeding by the larvae, alters in some
non-uniform way the expression of genes that code for pinene synthases, in some
cases activating or repressing the gene for the synthase of one enantiomer, in other
cases influencing the gene for the synthase of the other enantiomer. In bioassays,
males responded positively to a blend of synthetic compounds with enantiomeric
ratios representative of galled stems (Tooker et al., 2002). Based on these findings,
we hypothesized that ratios of pinene enantiomers, altered during development
of gall wasp larvae, provide olfactory cues that adult males later use in detecting
mates in dead stems of host plants (Tooker et al., 2002).

In this article, we present further support for our hypothesis with bioassays
that confirm that adult maleA. rufuscan discriminate between plant stems that
contain galls and those that do not, and between blends of synthetic compounds
representative of galled and ungalled stems.

METHODS AND MATERIALS

Response to Galled and Ungalled Stems. To determine whether male gall
wasps can discriminate between galled and ungalled stems, we conducted a choice
test based on a Y-configuration of stems (see Tooker et al., 2002; Tooker and Hanks,
2004b). A dead stem (20-cm long) of the non-host plantSolidago altissimaL.
served as the base of a “Y,” and the arms were 20-cm sections of galled and
ungalled stems ofS. laciniatumof approximately equal diameter. The “Y” was
positioned on an incline directed toward a north-facing window. Wasps released at
the base of the “Y” invariably walked uphill where they encountered the junction
of galled and ungalled stems. Wasps “responded” to a stem by remaining on it for
at least two minutes; individuals that did not respond to either stem within five min
were recorded as “no response.” We repeated this bioassay until 38 individuals
had responded (N= 42 trials), replacing stems and switching galled and ungalled
treatments between arms after every five wasps to control for location effects.
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We used theX2 goodness-of-fit test (Sokal and Rohlf, 1995) to test differences
between treatments in numbers of responding wasps.

For our bioassays, we collected dead stems ofS. laciniatumthat contained
diapausing larvae ofA. rufusfrom Fithian Railroad Prairie (FRP, Vermilion Co., IL;
Tooker and Hanks, 2004c) and dead stems of the same species that did not contain
galls from a prairie garden whereA. rufuswas absent (Lincoln Bookbindery Prairie
Garden, Champaign Co., IL). Stems were collected in February 2003. We reared all
gall wasps from half of the FRP stems in an incubator (22◦C, 16:8 L:D) to eliminate
the potential complication of volatile compounds produced by wasps themselves.
Thus, the “galled stems” referred to below contained recently abandonedA. rufus
galls, but no insects. In an unheated outbuilding, we stored ungalled stems and the
remaining FRP stems from which we reared adult gall wasps for bioassays.

Response to Synthetic Compounds. To test the response of adult maleA. rufus
to synthetic monoterpenes, we created blends ofα- andβ-pinene and camphene
(Aldrich Chemical Co., Milwaukee, WI) in reagent grade hexane in concentra-
tions of 0.9-ng/ml (∼1 equivalent of a 20-cm stem section in 3-ml). To account
for skewness in enantiomeric ratios in both directions from 50:50 that was char-
acteristic of galled stems (see Tooker et al., 2002), we conducted two trials: one
with enantiomers ofα- andβ-pinene in ratios of 10:90 [+:−] and the other with
ratios of 90:10 (100% [−] camphene in both trials). For each trail, we applied one
stem-section equivalent of the “galled” blend to a 2.5-cm square of filter paper
(Qualitative No. 1, Whatman, Maidstone, UK), another paper square was treated
with a similar dosage of the “ungalled” blend (withα- andβ-pinene enantiomers
in ratios of 50:50 and 100% [−] camphene), and a third square of paper was treated
with hexane. We allowed solvent to evaporate and arranged the three paper squares
in a∼8-cm diam circle within a 10-cm diam Petri dish. Individual males were re-
leased at the dish center, and we recorded how long they remained on each paper
square during a 5-min period, and their behaviors. Wasps were from the same
source as above. We replicated the bioassay 20 times for each trial, replacing the
paper squares and changing their position after every 5 wasps. We tested differ-
ences between treatments in the amount of time wasps spent on paper squares with
ANOVA (SAS Institute, 2001). Differences between individual treatment means
were tested with the LSD means separation test (Sokal and Rohlf, 1995).

RESULTS AND DISCUSSION

Response to Galled and Ungalled Stems. In the “Y”-configuration test, 34 of
38 maleA. rufusresponded to the galled stems (X2 = 23.7,P< 0.001). On seven
occasions, wasps walked onto the ungalled stem first, but immediately walked
off and onto the galled stem where they remained. Moreover, wasps exhibited
the characteristic searching behavior only on galled stems, while on ungalled
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FIG. 1. Relationship between amount of time that maleAntistrophus rufusspent on pieces of
filter paper and ratios of enantiomers ofα- andβ-pinene with which the paper was treated.
In one trial (group of bars on left), the pinene blend was representative of galled stems
with a 10:90 [+:−] enantiomeric ratio of both compounds, while this ratio was skewed
in the opposite direction [90:10] in the second trial (bars on right; including 100% [−]
camphene in both trials; see text for explanation of treatments). Pinene blends representative
of ungalled stems had enantiomeric ratios of 50:50 (also including [−] camphene). In both
trials, male wasps spent significantly more time on paper representative of galled stems than
on “ungalled” paper and solvent controls (Trial with pinenes in enantiomeric ratios of 10:90:
ANOVA F2,55 = 12.1, P < 0.001; trial with 90:10: ANOVAF2,59 = 8.8, P < 0.001). Bars
marked with different letters of the same case are significantly different (LSDP< 0.05).

stems they walked in a directed manner, infrequently antennating the stem surface.
These findings are further evidence that maleA. rufususe volatile plant cues to
discriminate between stems that contained galls and those that do not.

Response to Synthetic Compounds. In bioassays that tested the response,
males remained on filter paper treated with the “galled” blend of monoterpenes
for three to eight times longer than on solvent controls, and two to three times
longer than on paper treated with the “ungalled” blend (Figure 1). Males showed a
statistically significant, although weaker response to the “ungalled” blend relative
to the solvent control (Figure 1). Consistent with their behavior on plant stems in
the “Y”-configuration test, males usually displayed their characteristic searching
behavior on filter paper treated with the “galled” blend, but rarely did so on paper
treated with the “ungalled” blend or the solvent control.

Our hypothesis that mate location by maleA. rufus is cued by changes in
monoterpene stereochemistry that are associated with galls of conspecifics is sup-
ported by their ability to discriminate between galled and ungalled plant stems, by
chemical differences between the two types of stems, and by the corresponding
response of males to blends of synthetic compounds that mimic volatile profiles
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of plant stems. Monoterpene stereochemistry also influences the behavior of other
insects (e.g., Erbilgin and Raffa, 2001); however, our studies are apparently the first
to demonstrate that changes in monoterpene stereochemistry that are associated
with the insect itself play a central role in location of mates.
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