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Abstract Male and female Spathius agrili Yang were tested for attraction to the
synthetic male pheromone. Lures consisting of a 3-component pheromone blend were
placed in the center of a white filter paper target used to activate upwind flight in the
wind tunnel. When virgin males and females were tested for attraction, both sexes were
attracted to the lure prior to mating. However, only males were attracted to the
pheromone lures after mating. In another experiment, of females that flew to the lure
as virgins, half were subsequently mated and the other half were not, and mated females
were no longer attracted. Then both mated and virgin females were provided with host
material (emerald ash borer larvae in sticks of ash) to determine if oviposition affected
attraction. They were supplied with fresh hosts ad libidum and subsequently tested for
attraction for 55 days, and results showed that oviposition did not affect attraction to the
pheromone. The key factor in attraction to the pheromone was mating. Because this
pheromone is released by one sex and is attractive to both sexes for the purpose of
mating, it qualifies as an Baggregation-sex pheromone^.
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Introduction

The emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae)
is an invasive species of wood boring beetle from Asia, that seriously threatens north
American ash trees (Kovacs et al. 2010). Introduced and discovered near Detroit, MI
and Windsor, Ontario in 2002, the beetle has spread relatively unchecked over the last
decade, and so far has been found in 18 states in the US, causing significant economic
and ecological damage (Haack et al. 2002; Poland and McCullough 2006; Kovacs et al.
2010). The EAB larvae feed beneath the bark of healthy ash trees, creating numerous
galleries that eventually girdle and kill the trees. North American ash trees have little in
the way of adaptations for host plant resistance to protect against EAB attack.
Therefore, classical biological control efforts have been made to reduce the enormous
impact of EAB on the native ash population. This has involved three parasitoid species
from Asia (Bauer et al. 2008). All three species were recovered from release sites more
than a year after their release, indicating establishment (Bauer et al. 2011; Gould et al.
2011; Hooie et al. 2015). One of these species, Oobius agrili Zhang & Huang
(Hymenoptera: Encyrtidae), is an egg parasitoid (Liu et al. 2007). The remaining two
species, Spathius agriliYang (Hymenoptera: Braconidae) and Tetrastichus planipennisi
Yang (Hymenoptera: Eulophidae), both attack EAB during its late larval stages (Liu
et al. 2007; Ulyshen et al. 2010). There is evidence that both T. planipennisi and
S. agrili could be effective biological control agents, although the range of S. agrili
would likely be limited to regions south of the 40th parallel (Ulyshen et al. 2010; Duan
et al. 2011; Hooie et al. 2015). More cold-tolerant parasitoids such as Spathius galinae
Belokobylskij & Strazanac are being considered for release in more northerly locations
(Hooie et al. 2015).

The first record of a parasitoid attacking EAB was that of S. agrili in China (Yang
et al. 2005). Adults locate their host habitat through attraction to ash tree volatiles.
Subsequently, S. agrili females walk on the bark and locate the EAB larvae feeding
beneath by detecting vibrations from their feeding and movement (Wang et al. 2010).
Females of S. agrili oviposit through the ash bark onto late instar EAB larvae, which
are paralyzed in the process, rendering them less likely to be super-parasitized subse-
quently (Wang et al. 2010). S. agrili is a gregarious ectoparasitoid, and a single clutch
typically contains 1–10 eggs, but as many as 20 (Yang et al. 2010). Fertilized eggs
become females, and unfertilized eggs become males. They go through five instars on
their host and then spin cocoons inside the gallery where they pupate. Emerging adults
locate one another for mating by a male-produced pheromone that is attractive to both
sexes (Cossé et al. 2012). This life cycle may be repeated up to five times per year.

A classical biological control program was initiated with S. agrili releases in the U.S.
in 2007 (Bauer et al. 2008). Assessing establishment involves the destructive and labor
intensive process of felling ash trees and either rearing out insect specimens from logs,
or peeling bark to look for parasitized larvae. Another approach is the use of yellow
soap pan traps which capture numerous non-target species, including other members of
the genus Spathius, which then must be identified. With the discovery of an attractive
pheromone, there is the possibility of developing a species-specific pheromone-baited
trap to evaluate the presence and establishment of S. agrili in areas where it has been
released (Cooperband et al. 2013). However, little is known about the physiological
conditions required for attraction to this pheromone. This study examines the
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physiological state of S. agrili males and females required for attraction to the male-
produced pheromone.

Materials and Methods

Insects Rearing of S. agrili occurred at the mass-rearing facility in the Brighton
laboratory (USDA-APHIS-PPQ, Brighton, MI), inside walk-in environmental cham-
bers with 16 L:8D photoperiod, at 26.5±1 °C and 22.5±1 °C, respectively, full
spectrum lighting, and relative humidity of 70±5 %. For a complete description of
rearing conditions, see Cooperband et al. (2013). Pupae were placed in individual
containers for emergence and subsequently separated into containers of only males or
females, and virgin adults were shipped to the Otis Laboratory (USDA-APHIS-PPQ-
CPHST, Buzzards Bay, MA) where behavioral bioassays were conducted in an insect
containment facility. There, males and females were stored in separate environmental
chambers at 20–25 °C, 75 % RH with 16 L:8D light regime. Upon arrival at the Otis
laboratory, the adult wasps were approximately 5 days old.

Wind Tunnel Bioassays A push-pull wind tunnel (120×91×75 cm) was constructed for
use inside a walk-in environmental chamber to evaluate attraction (see Cooperband
et al. 2012, 2013). Air was cleaned of odors as it passed through carbon filters upon
entering and leaving the wind tunnel. White paper discs (5 cm diam.) with 15 holes
punched in them were used as landing targets. Red rubber septa (11 mm, Wheaton,
Millville, NJ) pheromone lures were made in the USDA ARS laboratory (Peoria, IL),
consisting of 1 mg (Z)-10-heptadecen-2-one, 450 μg racemic (E)-11-tetradecen-4-olide,
and 100 μg dodecanal (Cossé et al. 2012). A lure was placed in the center of a paper
disc, and the holes around it allowed the air to flow around the lure creating a broad
turbulent plume that was carried downwind to the release stage at a wind speed of
30 cm/s. After initial data collection was complete, twelve replicates of each of virgin
and mated males were added to increase the overall number of male replicates. For
those additional males, pheromone was emitted from a piezo-electric sprayer adjusted
to a release rate similar to the septa (Cossé et al. 2012; El-Sayed et al. 1999). A solution
of the 3-component pheromone blend (same ratios as for rubber septa) in hexane was
fed (10 μl/min) by a motor-driven (CMA/Microdialysis, N. Chelmsford, MA) syringe
into a glass capillary surrounded by the filter paper landing disk. The frequency of
flight by males to the sprayer-delivered pheromone was nearly the same as that using
the rubber septa (50.0 and 48.1 %, respectively), so data from the two delivery methods
were combined. Insects were placed individually on the release stage and allowed
3 min to respond. This was repeated three times for each flight test. Insects that flew
upwind in the plume were considered to have responded, whereas insects that remained
on the stage, or flew to the ceiling, wall, or floor of the wind tunnel were considered as
non-responders. Males and females were tested for attraction when they were between
5 and 30 day old, but on average 12 days old. This was considered a reasonable age due
to the relatively long lifespan of this species (Yang et al. 2010; Cooperband et al. 2013).

Mating To evaluate whether mating status had an effect on attraction to the pheromone
lure, males and females were either virgin or mated. To ensure mating took place, male
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and female wasps were paired and placed in a 1.5 ml Eppendorf tube or a 5 cm diam.
petri dish and watched until mating was observed. Wasps were tested in the wind tunnel
first as virgins to ensure they were responsive to the pheromone. After that, half of the
wasps were mated, and then all wasps were tested again in the wind tunnel.

Effects of Oviposition on Attraction to Pheromone We tested the effect of oviposition
on attraction to the pheromone, and whether females will regain attraction to the
pheromone after oviposition. Ten females were split into two groups, five that would
be mated and five that would remain virgins. They were all tested as virgins to verify
that they would fly to the pheromone. Then half of them were observed mating as
described above. They were all tested again in the wind tunnel to evaluate changes in
attraction to the pheromone. Then each female was placed individually in a plastic jar
(1.9 L PVC Pinch Grip-It, US Plastic Corp., Lima, OH). Each jar contained a drop of
honey and a young shoot of fresh green ash, Fraxinus pennsylvanica (collected
in Livingston, Washtenaw, or Oakland County in Michigan, and cut to approx.
18 cm long and 3–4 cm diam.), artificially infested with two host EAB larvae
for oviposition. In each ash stick, two larval chambers were formed by peeling
back 3 cm of the bark and boring out a channel in the exposed wood. A late
instar EAB larva was placed in each chamber and covered with the bark flap
which was held in place by a rubber band. This ensured that each female
always had appropriate hosts available.

Several days per week, the EAB larvae were inspected, and any S. agrili eggs or
larvae were counted. EAB larvae that were dead, paralyzed, or parasitized were
replaced with fresh EAB larvae, and ash sticks were replaced as needed. The
S. agrili females were tested in the wind tunnel to evaluate flight response to the
pheromone. Mated and virgin females with unlimited host material for oviposition were
tested several days per week for attraction to the pheromone in the wind tunnel until
55 days had elapsed or until they died.

Statistical Analysis Statistical analysis was conducted to test the null hypothesis that
mated and virgin wasps responded at equal frequencies using the Students T-test at α=
0.05 (Microsoft Office Excel 2007 SP2).

Results

Mating Of 56 virgin females, 43 (76.8 %) were activated to fly upwind in the
pheromone plume, and 37 (66.1 %) resulted in a successful landing on the target.
Conversely, of 42 females that had mated, only two flew upwind and one landed on the
target (4.8 and 2.4 %, respectively). Although virgin females were strongly attracted to
the pheromone lure, females were no longer attracted to the lure after mating (Student’s
T test, P<0.001). In contrast, of 118 virgin males that were tested, 57 (48.3 %) flew
upwind in the pheromone plume and 24 (20.3 %) landed at the source, and of the 35
mated males tested, 17 (48.6 %) flew upwind and 11 (31.4 %) landed at the source
(Table 1). There were no significant differences in flight and landing frequencies
between virgin and mated males (Student’s T test, P>0.05). Therefore, female
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attraction to the pheromone was lost after mating, whereas male attraction to the
pheromone was not significantly affected by mating status.

Oviposition The vibrations produced by the chewing of EAB larvae in the ash sticks
stimulated all S. agrili females to oviposit (Wang et al. 2010). There was no difference
between mated and virgin wasps in their survival, number of days they were tested,
number of days eggs were present, and total number of eggs. However, virgin wasps
flew upwind and landed on the target significantly more than mated wasps, whose
attraction to the pheromone ceased after mating (Table 2). In the 50 day of oviposition,
mated S. agrili females did not regain attraction to pheromone. Virgin and mated
females seemed to have similar life expectancies and oviposited at approximately the
same rate. Due to the short supply of EAB larvae, the number of replicates was small.
Females also died at different ages, making it difficult to see patterns in behavior over
time. However, virgin females oviposited and flew to the pheromone until death.

Table 1 The number of mated and
virgin S. agrili males and females
that flew upwind and landed on the
pheromone target

* Totals for each sex followed by
different letters indicate
significant difference between
mating status (Students T-test,
P<0.05)

No. upwind
flights (%)*

No. contact
target (%)*

N

Females

Virgin 43 (76.8 %)a 37 (66.1 %)a 56

Mated 2 (4.8 %)b 1 (2.4 %)b 42

Males

Virgin 57 (48.3 %)a 24 (20.3 %)a 118

Mated 17 (48.6 %)a 11 (31.4 %)a 35

Table 2 Differences between virgin and mated female Spathius agrili that were provided with unlimited host
material for oviposition for 55 days

Female wasp Survival (d) N test days No. days eggs
present

Total no.
eggs

Frequency of
upwind flights

Frequency of
target landings

Virgin1 >55 23 9 40 0.238 0.206

Virgin2 49 22 6 26 0.507 0.304

Virgin3 25 9 1 6 0.790 0.263

Virgin4 39 14 3 13 0.311 0.111

Virgin5 39 15 7 27 0.195 0.146

Mean 41.4 16.6 5.2 22.4 0.408 0.206

Mated1 18 6 1 7 0 0

Mated2 22 9 4 20 0 0

Mated3 >55 23 4 20 0 0

Mated4 >55 24 9 53 0 0

Mated5 42 17 1 5 0.059 0.039

Mean 38.4 15.8 3.8 21.0 0.012 0.008

P-value* 0.3791 0.4312 0.2564 0.4483 0.0035 0.0003

*Students T-test results comparing virgin and mated females
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Discussion

We demonstrate in this study attraction by both sexes to a male-produced
pheromone, and a shift in physiological state and behavior which results in a
loss of attraction after mating only by females. Because this pheromone is
attractive at a distance to both males and females, it is likely used as an
Baggregation-sex pheromone^ (Cardé 2014), whereby males both produce the
pheromone and are attracted to it, and thereby form an aggregation, swarm, or
lek, and virgin females are attracted to the pheromone for the purpose of
locating a mate. This recently described classification of aggregation-sex
pheromones is applicable to a pheromone in another hymenopteran species,
Sirex noctilio (Hymenoptera: Siricidae) that functions in a similar manner
(Cooperband et al. 2012). Aside from the loss of attraction to the pheromone,
we found that change in mating status did not affect other aspects of the
female reproductive biology such as fecundity, rate of egg production, and
longevity. In preliminary studies using SPME fibers, pheromone was collected
in abundance from both mated and virgin males (Cossé and Zilkowski,
unpublished data), indicating that in addition to continued attraction after
mating, mated males also continued to produce the pheromone, a sign of
active mate seeking. This suggests that males of this species likely mate
multiple times. Interestingly, Cossé et al. (2012) reported that groups of male
S. agrili produced less pheromone than individual males. A possible advantage
of male-male attraction is that males may take advantage of pheromone
produced by other males and allot fewer resources to pheromone production
themselves. In addition to being attracted to the pheromone of other males,
males may have a feedback mechanism to reduce their own pheromone
production in the presence of other males.

The study of sex pheromones in non-social Hymenoptera has been expanding over
the past half century since the first discovery of pheromones in moths in 1959
(Butenandt et al. 1959; reviewed by Quicke 1997; Ayasse et al. 2001). Most commonly,
sex pheromones are produced by females to attract males (Vinson 1972; Jewett et al.
1976; Weseloh 1976; Swedenborg and Jones 1992; Bergström et al. 1995; Sullivan
2002; van Beek et al. 2005). In wasps, a few examples exist of males that produce sex
pheromones to attract females (Gonzalez et al. 1985; Consoli et al. 2002; Ruther et al.
2007; Cooperband et al. 2012; Cossé et al. 2012). There have been reports of wasp
species of which both sexes produce volatiles attractive to one or both sexes
(Swedenborg and Jones 1992; Onagbola and Fadamiro 2011). However, only one
species of Hymenoptera, the wheat stem sawfly, is currently known where both sexes
produce and are attracted to the same pheromone (Cossé et al. 2002). There is little
doubt that as this field of research continues to expand, more examples of each strategy
will become known.
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