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Abstract Several species of Pseudacteon phorid flies,
including Pseudacteon cultellatus, P. curvatus, P. obtusus,
and P. tricuspis, have been introduced in the southern United
States for biological control of imported fire ants, Solenopsis
spp. Previous studies showed that Pseudacteon flies use the
alarm pheromone and venom alkaloids of fire ants to locate
host ant workers. A recent study by our group demonstrated
attraction of one of the species, P. tricuspis, to certain al-
kylpyrazine analogs of fire ant alarm pheromone. If
effective, alkylpyrazine analogs of fire ant alarm pheromone
may provide cost-efficient alternatives as phorid fly attrac-
tants. To test the hypothesis that other phorid fly species are
attracted to alkylpyrazine analogs of fire ant alarm phero-
mone, we compared -electroantennogram (EAG) and
behavioral responses of four Pseudacteon species, P. cul-
tellatus, P. curvatus, P. obtusus, and P. tricuspis, to the
commercially available alarm pheromone isomer (2-ethyl-
3,6(or 5)-dimethyl pyrazine) and six structurally related al-
kylpyrazine analogs at physiologically relevant doses
(ranging from picogram to 10 pg). The alarm pheromone
isomer and two analogs, 2,3-diethyl-5-methyl pyrazine and 2
ethyl-3,5 4+ 6 methyl pyrazine, elicited the strongest EAG
activity in all four species at all tested doses. Results from
four-choice olfactometer bioassays testing the above three
EAG-active compounds showed that all four species were
strongly attracted to the alarm pheromone isomer at doses
ranging from 0.001 to 1 pg. The flies also showed significant
attraction to the two analogs (2,3-diethyl-5-methyl pyrazine
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and 2 ethyl-3,5 4+ 6 methyl pyrazine) compared to the sol-
vent control but not as strong as the attraction elicited by the
alarm pheromone isomer. These results confirm that multiple
species of phorid flies use fire ant alarm pheromone as a host
location cue. However, the flies are not strongly attracted to
the tested alkylpyrazine analogs of the alarm pheromone.
Keywords Pseudacteon cultellatus -
Pseudacteon curvatus - Pseudacteon obtusus -
Pseudacteon tricuspis - Fire ants alarm pheromone -
Alkylpyrazine analogs

Introduction

Pseudacteon phorid flies (Diptera: Phoridae) are key para-
sitoids of imported fire ants, Solenopsis spp. (Hymenoptera:
Formicidae), in their native South America (Patrock et al.
2009; Porter and Pesquero 2001). Several species have been
introduced in the southern United States for the classical
biological control of imported fire ants (Porter et al. 2004;
Graham et al. 2003; Plowes et al. 2011; Porter and Calcaterra
2013). To date, six phorid fly species are reported to have
successfully established in the southern United States (Porter
and Calcaterra 2013). These include Pseudacteon tricuspis
Borgmeier, a medium-large species (Porter et al. 2004); P.
curvatus Borgmeier, a small species (Graham et al. 2003;
Vazquez et al. 2006); P. obtusus Borgmeier, a medium-large
species (Plowes et al. 2011); and P. cultellatus Borgemeier, a
small species (Porter and Calcaterra 2013). Pseudacteon
phorid flies are highly specific to imported fire ants (Gilbert
and Morrison 1997; Porter et al. 1995; Porter and Alonso
1999; Porter and Gilbert 2004).

Previous research by our group and others have pro-
vided direct evidence of odor-mediated attraction of P.
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tricuspis to fire ant workers (Vander Meer and Porter 2002;
Chen and Fadamiro 2007; Chen et al. 2009; Sharma et al.
2011; Chen et al. 2012). Specifically, recent studies by our
group showed that fire ant venom alkaloids (both cis and
trans) are key attractants for P. tricuspis (Chen et al. 2009).
Following successful identification of fire ant alarm pher-
omone component, 2-ethyl-3,6(or 5)-dimethyl pyrazine
(Vander Meer et al. 2010), the role of fire ant alarm
pheromone in mediating fire ant-phorid fly interactions was
investigated. Sharma et al. (2011) showed that P. tricuspis
was attracted to the commercially available mixture of
2-ethyl-3,6(or 5)-dimethyl pyrazine (herein referred to as
alarm pheromone isomer) and six other structurally related
alkyl pyrazine analogs of the alarm pheromone. Recently,
Sharma and Fadamiro (2013) reported that fire ant alarm
pheromone and venom alkaloids act in concert to attract P.
tricuspis. However, it remains unclear if other species of
Pseudacteon phorid flies use fire ant alarm pheromone and/
or venom alkaloids for host location, like P. tricupis.

To test the hypothesis that other phorid fly species are
attracted to fire ant alarm pheromone and its alkylpyrazine
analogs, we compared electroantennogram (EAG) and
behavioral responses of P. cultellatus, P. curvatus, P. ob-
tusus, and P. tricuspis to the commercially available alarm
pheromone isomer (2-ethyl-3,6(or 5)-dimethyl pyrazine)
and six structurally related alkylpyrazine analogs at vary-
ing doses. At least two of the tested alkyl pyrazine analogs
have been shown to elicit significant EAG and behavioral
response in P. tricuspis. If effective, these alkylpyrazine
analogs may provide cost-efficient alternatives as phorid
fly attractants. First, we tested the EAG response of the
four Pseudacteon species to the alarm pheromone and six
alkyl pyrazine analogs. The most active compounds were
then further tested in EAG and olfactometer bioassays at
physiologically relevant doses.

Materials and methods
Insects

Pseudacteon cultellatus, P. curvatus, P. obtusus, and P.
tricuspis were reared at the phorid fly rearing facility of the
USDA-APHIS-PPQ-CPHST  Laboratory/Florida  DPI,
Gainesville, FL, USA as described by Porter et al. (1995).
Parasitized fire ant worker heads were received in batches
and kept in a plastic jar (25 cm x 13 cm) covered using a
lid with mesh until emergence in the incubator at
25+ 1°C,70 £5 % RH and 14:10 h (L:D) photoperiod.
Newly emerged flies were removed daily with an aspirator
and placed in groups of 2—4 individuals in a 6-cm diameter
plastic Petri dish. Sugar solution (10 %) and water were
provided in the Petri dishes (Chen et al. 2009). Adult-
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mated female phorid flies 1-2 days old were used for the
experiments.

Test chemicals

The responses of P. cultellatus, P. curvatus, P. obtusus,
and P. tricuspis to the commercially available 2-ethyl-
3,6(or 5)-dimethyl pyrazine (i.e., alarm pheromone isomer)
(<95 %) and six related alkylpyrazine analogs with methyl
and/or ethyl chain modifications, were tested in EAG and
olfactometer bioassays. The alkylpyrazine analogs tested
were: 2,3-diethyl-5-methyl pyrazine (<95 %), 2,3-dime-
thyl pyrazine (99 %), 2-ethyl-3-methyl pyrazine (<98 %),
2-ethyl-3,5 + 6-methyl pyrazine (98 %), 2,5-dimethyl
pyrazine (<98 %), and 2,3-diethyl pyrazine (<98 %). The
compounds were purchased from Sigma® Chemical Co.
(St. Louis, MO, USA). Solutions of each compound were
prepared in HPLC grade hexanes and stored at —20 °C
until use.

EAG experiments

EAG tests were conducted following the techniques and
procedures previously described by Chen et al. (2009) and
Sharma et al. (2011). Glass capillaries (1.1 mm ID) filled
with Ringer solution were used as electrodes. The reference
electrode was connected to the neck of an isolated head of
the parasitoid (P. cultellatus, P. curvatus, P. obtusus, and
P. tricuspis), and the recording electrode was connected to
the cut tip of the arista. Ag—AgCl junctions were used to
maintain electrical contact between the electrodes and
input of the preamplifier. The analog signal was detected
through a probe (INR-II; Syntech®, The Netherlands),
captured, processed with a data acquisition controller
(IDAC-4; Syntech®), and later analyzed with computer
software (EAG 2000; Syntech®).

A 10 pl aliquot of each test compound (in hexane) was
applied onto a filter paper strip (15 mm x 10 mm, What-
man® no. 1). The solvent was allowed to evaporate for
~ 10 s. The odor impregnated filter paper strip was inserted
into a glass Pasteur pipette (~ 14 cm in length, Fisher Sci-
entific, Pittsburgh, PA, USA) constituting an odor cartridge.
The solvent control was hexane. The stimuli were provided
as 0.2 spuffs of air into a continuous humidified air stream at
800 ml/min generated by an air stimulus controller (CS-55;
Syntech®, The Netherlands). At least 2 min were allowed
between each puff for the recovery of antennal receptors. A
test series of the pyrazines of the same dose were applied to a
single antennal preparation in the following order: hexane
control, test compounds (presented in a random fashion), and
hexane control. A test series of odor stimuli applied to an
antennal preparation were completed within 25-30 min
(depending upon experiment).
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Two EAG experiments were conducted. The first exper-
iment was conducted to screen seven commercially available
pyrazine compounds: 2-ethyl-3,6(or 5)-dimethyl pyrazine
(i.e., alarm pheromone isomer), 2,3-diethyl-5-methyl pyra-
zine, 2,3-dimethyl pyrazine, 2-ethyl-3-methyl pyrazine,
2-ethyl-3,5 + 6-methyl pyrazine, 2,5-dimethyl pyrazine,
and 2,3-diethyl pyrazine for their ability to elicit EAG
activity in female P. cultellatus, P. curvatus, P. obtusus, and
P. tricuspis. The compounds were tested at three doses (0.1,
1, and 10 pg). The three most promising compounds, which
elicited significant EAG responses in the first experiment,
were then selected for further EAG testing in the second
experiment. In the second EAG experiment, the selected
compounds were tested at five physiologically relevant doses
(1 pg, 0.0001, 0.001, 0.01, and 0.1 pg). For the first experi-
ment, recordings were obtained from 10 individual flies per
dose. For the second experiment, recordings were obtained
from 15 individual flies per dose. For analysis, EAG response
to the hexane control (average of two recordings per antennal
preparation) was compared to the EAG amplitudes elicited
by the test compounds. For each experiment, data were
checked for normal distribution and analyzed using one-way
analysis of variance (ANOVA) followed by Tukey—Kramer
HSD comparison test (P < 0.05; JMP1 7.0.1, SAS Institute
2007) to establish significant differences among the
treatments.

Olfactometer bioassays

The behavioral responses of female P. cultellatus, P. curv-
atus, P. obtusus, and P. tricuspis to the three most EAG-
active pyrazines were tested in four-choice olfactometer
bioassays. The olfactometer apparatus and procedures were
as previously described by Sharma et al. (2011). The appa-
ratus consisted of a central chamber (20 cm long x 20 cm
wide x 20 cm high) connected to four cylindrical glass jars
or ‘“‘arms’’ (19 cm long x 11 cm wide). The orifices of the
olfactometer were connected through Teflon—glass tube
connectors to four pumps on an air delivery system equipped
with a vacuum pump (ARS, Inc., Gainesville, FL, USA).
Purified air was drawn at a constant rate of 300 ml/min
through each of the four arms and removed by suction via the
vacuum pump through the central orifice at the rate of
1300 ml/min. The apparatus was positioned under a fluo-
rescent light source (~ 100 lux) for uniform lighting. The
three compounds were compared with hexane control in five
separate (dose) experiments at 0.0001, 0.001, 0.01, 0.1, or
1 pg dose. Each treatment was delivered as 10-pul sample
impregnated on filter paper squares (1 x 1 cm, Whatman
no. 1). After allowing for solvent evaporation (~ 10 s), the
filter paper square was inserted into its designated olfac-
tometer arm. For each test (replicate), 20 female flies (1-day
old) were released at the top of the central chamber. The flies

were observed continuously for 15 min, and those found in
each arm were counted and removed. Flies that did not walk
into any of the arms within 15 min were scored as ‘‘non-
responders’” and were not included in the analysis. After
each test, the olfactometer was cleaned with hexane and
acetone, and the arms were rotated (90°) to minimize posi-
tional effect. Each experiment (dose) was replicated 15
times. All experiments were conducted at 25 + 1 °C,
40-60 % r.h., and between 12:00 and 16:00 h, the time of
day for high phorid flies activity (Pesquero et al. 1996).
Olfactometer data were analyzed using analysis of variance
(ANOVA) followed by Tukey—Kramer HSD comparison
test (P < 0.05; JIMP1 7.0.1, SAS Institute 2007) to establish
significant differences among the treatments.

Results
EAG experiments

Data from the first EAG experiment revealed significant
differences among the tested compounds (Table 1). For all
four species, the pheromone isomer (2-ethyl-3,6(or 5)-
dimethyl pyrazine) and two other analogs (2,3-diethyl-5-
methyl pyrazine, 2 ethyl-3,5 + 6 methyl pyrazine) elicited
significantly greater EAG response than the hexane control
at all three doses (0.1, 1, and 10 pg doses; Table 1).

In the second experiment, the three most EAG-active
compounds in Experiment 1 (i.e., alarm pheromone isomer,
2,3-diethyl-5-methyl pyrazine, and 2 ethyl-3,5 + 6 methyl
pyrazine) were tested further at five doses (1 pg, 0.0001,
0.001, 0.01, and 0.1 pg). For P. cultellatus (Fig. 1a) and P.
curvatus (Fig. 1b), the alarm pheromone isomer elicited sig-
nificantly greater EAG response than the hexane control or 2,3
diethyl-5-methyl pyrazine at three lower doses (0.0001, 0.001,
and 0.1): P. cultellatus (0.0001 pg, F = 1199, df = 3,

P <0.001; 0.001 pg (F=17.07, df=3, P <0.001;
001 pug (F=26.67, df =3, P<0.001); P. curvatus
(0.0001 pg, F =129.25, df=3, P<0.001; 0.001 pg

(F =4827,df =3,P <0.001;0.01 ng(F = 44.42,df = 3,
P < 0.001). For P. obtusus (Fig. 1c) and P. tricupis (Fig. 1d),
the alarm pheromone isomer elicited significantly greater
EAG response than the hexane control or 2,3 diethyl-5-methyl
pyrazine only at the two lowest doses (0.0001 and 0.001 pg):
P. obtusus (0.0001 ng, F = 1233, df=3, P <0.001;
0.001 ng (F=16.08, df=3, P <0.001); P. tricupis
(0.0001 pg, F =19.86, df=3, P <0.001; 0.001 pg
(F = 47.20,df = 3, P < 0.001).

Olfactometer bioassays

Similar to the EAG results, significant differences were
recorded in the behavioral response of each of the four
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species to the treatments at most of the doses (Fig. 2).
Pseudacteon cultellatus flies were significantly more
attracted to the alarm pheromone isomer compared to 2,3-
diethyl-5-methyl pyrazine, 2-ethyl 3,5 + 6-dimethyl pyra-
zine, or the hexane control at four of the tested doses
(0.001, 0.01, 0.1, and 1 pg): P. cultellatus (0.001 pg,
F =12133,df =3, P <0.001; 0.01 pg (F = 8.33,df = 3,

0.0001 pg

0.001 ug
Dose

0.01 ug 0.1 ug

P = 0.0002; 0.1 pg (F = 15.61, df =3, P <0.001; 1 pg
(F = 21.33,df = 3, P < 0.001) (Fig. 2a). P. curvatus were
significantly more attracted to the pheromone isomer
compared to 2,3-diethyl-5-methyl pyrazine, 2-ethyl
3,5 4 6-dimethyl pyrazine, and hexane control at 1 pg: P.
curvatus (1 pg, F = 20.84, df = 3, P < 0.001) (Fig. 2b).
Pseudacteon obtusus flies were significantly more attracted
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Fig. 2 Response of P.
cultellatus (a), P. curvatus (b),

P. obtusus (c), and P. tricupsis 3 -
(d) females in a four-choice = 1
olfactometer bioassay to the “é a P. cultellatus
alarm pheromone isomer 2 81
(2-ethyl-3,6 (or 5)-dimethyl S 6 -
pyrazine) and two analogs 2
(2,3-diethyl-5-methyl pyrazine m) 4
and 2-ethyl 3,5 + 6 methyl 2
pyrazine) at five doses. = 2
(Control = hexane). N = 15 ol
= 0-
3
s 10 1
g g b P. curvatus
§
c 6
o 4
H
c 2
2 0

B CONTROL

O Alarm pheromone isomer

@ 2,3-diethyl-5-methyl pyrazine

m 2-ethyl 3,5 + 6-dimethyl pyrazine

a

10 1

Mean (£ SE) number of flies
(o]

1 d P. tricuspis

o N » (@] o] o
1 L L " "

Mean (+ SE) number of flies

to the alarm pheromone isomer compared to 2,3-diethyl-5-
methyl pyrazine, 2-ethyl 3,5 + 6-dimethyl pyrazine, or the
hexane control at four of the tested doses (0.001, 0.01, 0.1,
and 1 pg): P. obtusus (0.001 pg, F = 33.73, df =3,
P < 0.001; 0.01 pg (F = 10.60, df = 3, P < 0.001; 0.1 pg
(F =29.00, df = 3, P <0.001; 1 pg (F = 26.77, df = 3,
P < 0.001) (Fig. 2¢). For P. tricuspis, the flies were sig-
nificantly more attracted to the alarm pheromone isomer
than to the two analogs (2,3-diethyl-5-methyl pyrazine and
2-ethyl 3,5 + 6-dimethyl pyrazine) or the hexane control at
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three of the tested doses (0.01, 0.1, and 1 pg): P. tricuspis
0.0l pg (F=2552, df=3, P<0001; O0.1pg
(F=34.14,df =3, P <0.001; 1 pg (F = 36.11, df = 3,
P < 0.001) (Fig. 2d).

Discussion

All four tested phorid species (P. cultellatus, P. curvatus,
P. obtusus, and P. tricuspis) showed significant EAG
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response and behavioral attraction to fire ant alarm pher-
omone (2-ethyl-3,6-dimethyl pyrazine) and two analogs (2-
ethyl-3,6(or 5)-dimethyl pyrazine and 2 ethyl-3,5 + 6
methyl pyrazine). These results confirm the involvement of
fire ant alarm pheromone in the attraction of Pseudacteon
phorid flies to their fire ant hosts, as previously demon-
strated for P. tricuspis (Vander Meer and Porter 2002;
Sharma et al. 2011). The EAG results were confirmed by
the olfactometer bioassays, which demonstrated strong
attraction of the four phorid fly species to the alarm pher-
omone isomer. Taken together, our EAG and olfactometer
bioassay results confirm that fire ant alarm pheromones are
important host location cues used by phorid flies (Vander
Meer et al. 2010; Sharma et al. 2011). Other important host
location cues used by phorid flies to locate their hosts are
venom alkaloids (Chen et al. 2009) or a combination of fire
ant alarm pheromone and venom alkaloids (Sharma and
Fadamiro 2013).

In this study, we tested different doses, ranging from
very low (1 pg) to moderate doses (0.1-1 pg). Vander
Meer et al. (2010) reported the alarm pheromone produced
by a single fire ant worker to be ca. 300 pg. Our results
revealed that the picogram dose did not elicit significant
differences between the treatment and control, suggesting
that low doses may be hard to detect by the parasitoids.
Previous reports showing that low doses (ca. 30 pg) of the
alarm pheromone elicit behavioral activity in fire ant
workers (Regnier and Wilson 1968; Wilson 1958; Vander
Meer et al. 2010) may not imply that these low doses will
be attractive to phorid flies. Phorid flies most likely are
responding to the fire ant alarm pheromone from long
range; hence, it is possible that phorid flies have evolved to
respond to moderate and/or higher doses of the alarm
pheromone relative to fire ant workers. Alarm pheromones
have a low molecular weight and are highly volatile (Billen
and Morgan 1998; Vander Meer et al. 2010). Long range
cues need to be highly volatile. Therefore, alarm phero-
mones, which are reported to be produced by fire ant
workers in response to disturbance, are likely the long
range cues that are used by phorid flies to locate their fire
ant hosts. Once closer to the source, phorid flies likely use
venom alkaloids and other cues, including cuticular
hydrocarbons, for host location and preference (Vander
Meer et al. 1985; Chen et al. 2009; Sharma et al. 2011;
Chen et al. 2012).

Our results showed that all the tested phorid flies
showed greater EAG attraction to the fire ant alarm pher-
omone. This was also true in behavior experiments,
suggesting that Pseudacteon phorid flies, which attack fire
ants, have likely evolved similar host locating mechanisms
involving the use of fire ant alarm pheromone. The use of
alarm pheromones as cues for host location may be adap-
tive for phorid flies if their hosts, S. invicta workers, are

more abundant or more available for parasitization in situ-
ations where alarm pheromones are released. Our results
showing significant attraction of P. cultellatus, P. curvatus,
P. obtusus, and P. tricuspis females to the fire ant alarm
pheromone and closely related analogs suggest the poten-
tial for the development of control strategies for S. invicta.

In this study, we tested both the fire ant alarm phero-
mone and seven other closely related alkyl pyrazine
analogs. Out of the seven alkyl pyrazine analogs, two
analogs (2 ethyl-3,5 + 6 methyl pyrazine and 2,3-diethyl-
5-methyl pyrazine) consistently elicited both EAG and
behavior attraction to the parasitoids. The positive and
consistent activity of the two analogs is consistent with
results reported by Sharma et al. (2011). However, it is
interesting to note that none of the two compounds has
been reported as a component of the fire ant alarm phero-
mones (Sharma et al. 2011). It is possible that these analogs
are constituents of other important pheromones produced
by the fire ants, including recruitment and queen-produced
recognition pheromones. Alternatively, these analogs could
be minor components of the fire ant alarm pheromone,
which are yet to be described. It is important to note that
the chemical identification of fire ant alarm pheromone has
been an elusive subject (Vander Meer et al. 2010), and
therefore, the first description of the fire ant alarm phero-
mone could be the beginning of the discovery and
identification of other additional fire ant alarm pheromone
components. Several di- and tri-alkyl substituted pyrazines
have been reported as known components of alarm pher-
omones of other ant species including Wasmannia
auropunctata (Roger) (Showalter et al. 2010), Eutetramo-
rium mocquerysi Emery (Tentschert et al. 2000),
Iridomyrmex humilis (Mayr) (Cavill and Houghton 1974),
and Odontomachus brunneus (Longhurst et al. 1978).
These highly active alkyl pyrazine analogs are commer-
cially available and could be used together with the fire ant
alarm pheromone isomer in formulating effective attrac-
tants of phorid flies to improve biological control of fire
ants.

Taken together, our results confirm that phorid flies use
fire ant alarm pheromone to locate fire ant workers (Vander
Meer and Porter 2002; Morrison and King 2004; Morrison
and Porter 2006). It is also plausible that other fire ant
semiochemicals, including venom alkaloids (Chen et al.
2009), may be part of the suite of semiochemicals that are
used by the phorid flies to find their fire ant hosts. Future
studies are needed to clearly understand how the fire ant
alarm pheromone, the two active alkyl pyrazine analogs,
and other semiochemicals, including venom alkaloids and
cuticular hydrocarbons interact to influence the process of
host location in different phorid fly species. Our results
form foundational studies and provide a strong basis for
future studies that will be designed to help unravel the
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complexity of semiochemical-mediated interactions
between imported fire ants and their natural enemies.
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