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ABSTRACT In a series of laboratory tests, Russian wheat aphids, Diuraphis noxia (Mordvilko),
responded to synthetic aphid alarm pheromone, (E)-b-farnesene, by removing stylets and leaving
feeding sites or by crawling out of test arenas. Late instars and adults were more responsive than
early instars. In doseÐresponse assays, EC50 estimates ranged from 0.94 to 8.95 mg/ml among 3
experiments. In arenas, D. noxia also responded to the proximity of cornicle-damaged nymphs of
either the green peach aphid, Myzus persicae (Sulzer), or of D. noxia, which suggests endogenous
production of alarm pheromone by D. noxia. Combinations of (E)-b-farnesene and the aphid-
pathogenic fungus Paecilomyces fumosoroseus (Wize) Brown & Smith did not enhance aphid
mortality relative to controls treated with fungus only. Further studies involving appropriate for-
mulations of (E)-b-farnesene are necessary before practical biorational strategies can be devised
combining this semiochemical and biological control agents.
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(E)-b-FARNESENE IS A common alarm pheromone
among aphids (Pickett et al. 1992) and is released from
cornicle secretions when aphids are attacked by nat-
ural enemies of.arthropods. An elicited behavior, such
as dropping off the host plant, may help aphids avoid
natural enemies. Control measures using synthetic
alarm pheromone have had some success in combi-
nation with fungal entomopathogens or contact in-
secticides (GrifÞths and Pickett 1980, Pickett et al.
1992). Increased activity in response to alarm phero-
mone may increase the potential for contact between
the aphid and fungal spores.

The Russian wheat aphid, Diuraphis noxia (Mord-
vilko), was identiÞed in the United States in 1986
(Stoetzel 1987). It has since spread throughout west-
ern North America, infesting various small grains and
grasses. Cumulative damage from aphid feeding ex-
ceeds $1 billion (Anonymous 1994).Controlmeasures
include cultural, biological and chemical methods
(Halbert et al. 1992).

The objectives of the current work were to deter-
mine if D. noxia can respond to endogenous or syn-
thetic alarm pheromone, and to evaluate the effec-
tiveness of combinations of alarm pheromone and an
aphid-pathogenic isolate of the fungus Paecilomyces
fumosoroseus (Wize) Brown & Smith.

Materials and Methods

Aphid and Fungus Cultures. Diuraphis noxia was
maintained on barley (wintermalt or variety 8Ð12,
U. S.National SmallGrainsCollection,Aberdeen, ID),
Hordeum vulgare L., at 258C and a photoperiod of 15:9
(L:D) h (Vandenberg 1996). Myzus persicae (Sulzer)
was reared on turnip,Brassica campestris variety rapif-
era Metz, at 20Ð218C and a photoperiod of 16:8 (L:D)
h by M. Tauber, Cornell University (Ithaca, NY). Pae-
cilomyces fumosoroseus strainM612was obtained from
Mycotech Corporation (Butte, MT). Cultures were
maintainedonSabouraudÕsdextroseagarplus2%yeast
extract at 258C and a photoperiod of 15:9 (L:D) h.

Response of D. noxia to Aphid Injury. Individual
late-instarD. noxiawere placed in the center of pieces
of Þlter paper (25 mm diameter). Each aphid was
observedafter the introductionof oneof the following
4 aphids: (1) a healthy D. noxia nymph, (2) a healthy
M.persicaenymph, (3) an injuredD. noxianymph, (4)
an injured M. persicae nymph. Injury to aphids used in
treatments 3 and 4 was caused by gently pressing on
the abdomen with a steel needle to stimulate release
of potential endogenous pheromone from aphid cor-
nicles. We recorded, to the nearest second, the time
for each test aphid to respond to the presence of the
other aphid by exiting the arena. Observations were
made for a maximum of 3 min, after which the aphids
were discarded. Each aphid was used only once. Five
aphids were used for each treatment and each exper-
iment was replicated 3 times. Analysis of variance
(ANOVA) was done on log10-transformed exit times
(SAS Institute 1990).

Synthetic Alarm Pheromone. (E)-b-Farnesene was
synthesised by the method of Dawson et al. (1982),
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packed under nitrogen in glass ampoules, and stored
at 48C until use. Ampoules were used within 7 d of
openingand freshlyprepareddilutions inhexanewere
used for each experiment. For experiments involving
the use of synthetic (E)-b-farnesene (described be-
low), a 1-ml drop was applied '2 mm away from each
test colony. The numbers of aphids and the approxi-
mate areaoccupiedbyeachcolonywere recorded just
before application. Hexane-only treatments were per-
formed as controls for each experiment.

Responses of Different Stages to Synthetic Alarm
Pheromone. Age-group differences were tested in 2
ways. For the 1st experiment, pheromone applications
were made near 5 groups of '25 D. noxia consisting of
both early (1st and 2nd) and late (3rd and 4th) instars.
This experiment was repeated 3 times. In the 2nd
experiment, pheromone applications were made near
5 groups of '25 D. noxia of uniform age (late instars
or adults). This experiment was done once. For all
tests, the pheromone concentration was 1 mg ml21.
The number of aphids withdrawing their stylets and
moving away from their feeding siteswere recorded at
30, 60, and 180 s after application. The effect of pher-
omone concentration on the proportion of aphids re-
sponding within each group was analyzed using lo-
gisitic regression (SAS Institute 1995).

Dose–Response to Synthetic Alarm Pheromone.
Colonies of '6 late instars were treated with (E)-b-
farnesene at concentrations of 1, 0.1, 0.01, 0.001, and
0.0001 mg ml21. Dosages were applied in a random-
ized order and 5 replicates were used for each dose.
The experiment was performed 3 times. Logistic re-
gression of the proportion of aphids responding in
each group on the natural logarithm of dose was done
and the concentration for 50% response (EC50) was
estimated (SAS Institute 1995).

Applications of Alarm Pheromone and Paecilomy-
ces fumosoroseus. Suspensions of P. fumosoroseus
conidia at a concentration of 4 3 107 conidia ml21

were prepared as described by Vandenberg (1996).
Five milliliters of the suspension were applied to bar-
ley (2-leaf stage) in an enclosed spray tower (Van-
denberg 1996) either before or after either 1 ml of
hexane or (E)-b-farnesene (1 mg ml21) had been
applied near D. noxia colonies on the plants. Control
plants were treated with 1 ml hexane or 1 mg ml21

(E)-b-farnesene before being sprayed with 5 ml of
0.1% Tween 80. Conidial deposition on each replicate
plant was estimated by sampling conidia deposited on
plastic cover slips held in place near the plant canopy
during the spray. The averagedosage appliedwas 336
5 (mean 6 SD) conidia per square millimeter.

After spraying, barley plants were maintained at
highhumidity for 24h and at ambient humidity ('30Ð
80%) thereafter. After 3 d, the number of living and
infected late instars were counted on each plant. Liv-
ing aphids were transferred to excised barley leaves
embedded in 3% water agar and incubated 4 d before
Þnal assessment for mycosis (Vandenberg 1996). The
experiment was done twice. ANOVA was used to de-
termine the effect of treatment on arcsine-trans-
formed percentage mycosis (SAS Institute 1990).

Results and Discussion

Diuraphis noxianymphs responded to thepresenceof
injured nymphs of D. noxia or M. persicae by leaving the
test arena (Table 1). The response of nymphs to the
nearby presence of injured aphids is presumably caused
by release of alarm pheromone by injured aphids of
either species. Fastest average response times were ob-
served when D. noxia nymphs were challenged with
injuredM. persicaenymphs.Diuraphis noxianymphs did
not respond when living, undamaged D. noxia or M.
persicae nymphs were placed in the arena. Both treat-
ment and experiment, and the interaction between
them, signiÞcantly affected the exit times among aphids
(for treatment: F 5 37.1; df 5 3, 48; P , 0.001; for
experiment: F 5 7.3; df 5 2, 48; P , 0.01; for the inter-
action: F 5 6.5; df 5 6, 48; P , 0.001). The signiÞcant
experiment and interaction effects were caused by the
lack of response of some D. noxia individuals to the
presence of injured D. noxia in the 3rd experiment (Ta-
ble 1). This may have been because of the difÞculty in
standardizing the inßiction of injury. Late instars of D.
noxia exited from arena tests more quickly when con-
frontedwith injuredM.persicaenymphs thanwhencon-
fronted with injured conspeciÞc individuals. This may
indicate greater ormore rapidproductionof alarmpher-
omone by M. persicae.

SigniÞcantlymore late than early instars responded to
applicationof synthetic(E)-b-farnesene(x2571.6,df5
2, P , 0.001; n 5 255). For all 3 experiments, 54% of
late-instar D. noxia responded versus only 4% of early
instars. Responses did not vary among the 3 response
times (30, 60, and 180 s). Late instars and adults of D.
noxia respondedequally topheromonetreatments(x25
9.8, df 5 2, P . 0.1; n 5 79). For this experiment, 25% of
adults responded versus 14% of late instars.

Logistic regressionrevealedthataphidresponsiveness
dependedonpheromonedose for all 3 experiments (Ta-
ble 2). For the 1st 2 experiments, responses to phero-
mone application were in close agreement; however, a
signiÞcant lack-of-Þt to the logistic model for data from
the 3rd experiment (x2 5 13.6, df 5 3, P , 0.01) made
estimation of EC 50 conÞdence limits impossible. The
percentage responding at the highest dosage of 1 mg
ml21 was 39, 42, and 37% for the 3 experiments.

This is the Þrst report to demonstrate the activity of
synthetic (E)-b-farnesene in eliciting behavioral re-

Table 1. Average (6SEM) response times for late instars of
D. noxia exposed to one other aphid in an arena

D. noxia nymph
exposed to

No. seconds to respond

Exp 1 Exp 2 Exp 3

Uninjured D. noxia nymph 180 6 0a 180 6 0a 130 6 31a
Uninjured D. persicae nymph 180 6 0a 180 6 0a 180 6 0a
Injured D. noxia nymph 13 6 3b 85 6 38b 151 6 29a
Injured M. persicae nymph 21 6 7b 116 6 39b 31 6 12b

Five aphids used for each treatment in each experiment. Untrans-
formedmeansare shown; a log10 transformationwasused forANOVA.
For Exp 1, F 5 61.0; df 5 3, 16; P 5 0.0001; for exp 2, F 5 7.0; df 5 3,
16; P 5 0.003; for exp 3, F 5 10.0; df 5 3, 16; P 5 0.001. See text for
combined ANOVA results. Means within a column followed by the
same letter are not signiÞcantly different by theTukey test (P , 0.05).
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ponse by D. noxia. Response to (E)-b-farnesene has
been shown to vary according to aphid species. In this
study, late instars of D. noxia challenged with 1 mg
ml21 (E)-b-farnesene gave responses of 25Ð55% de-
pending on the test run. Dawson et al. (1982) dis-
charged air saturated with (E)-b-farnesene over
groups of aphids and observed .70% responses in
individuals of M. persicae; Nasonovia ribis-nigri (Mos-
ley), and Aphis fabae Scopoli. No individuals of Brevi-
coryne brassicae (L.) responded, whereas average re-
sponses for the cereal aphids Sitobion avenae (F.),
Rhopalosiphum padi (L.), and Metopolophium dirho-
dum (Walker) were 31, 47, and 61%, respectively.

The combination of aphid inoculation with P. fu-
mosoroseus and administration of (E)-b-farnesene did
not result in increased fungal infection levels in the 2
experiments (F51.3; df53, 33;P50.30).Theaverage
percentage infection among the fungus treatments
ranged from 21 to 62%. No infection was observed
among hexane- or (E)-b-farnesene-treated controls.
Hockland et al. (1986) showed increased fungal in-
fection among Aphis gossypii (Glover) following se-
quential application of Verticillium lecanii spore sus-
pensions andair saturatedwith(E)-b-farnesene.They
concluded that aphid movement in response to the
pheromone increased aphid exposure to fungus
spores. We used 2 methods to combine pathogen and
pheromone applications, varying the order of appli-
cation of (E)-b-farnesene and P. fumosoroseus,but did
not observe signiÞcant differences in infection com-
pared with fungus-only controls. Perhaps the volatil-
ized pheromone became dissipated too quickly to
cause sufÞcient movement of aphids to ensure in-
creased pick-up of fungal conidia.

Our study indicates D. noxia is responsive to syn-
thetic or endogenous aphid alarm pheromone. Fur-
ther investigations are necessary to determine
whether D. noxia actively secretes alarm pheromones
in response to disturbance or injury by natural ene-
mies. The presence of injured aphids has been re-
ported to affect feeding responses in Lipaphis erysimi
(Kaltenbach)(Dawsonetal. 1987).Wedidnot test for
altered feeding behaviors among apparently undis-
turbed aphids in the presence of injured aphids. Stud-
ies also are needed to explore the possible synergy
between pheromone applications and other control
agents (Smart et al. 1994, Furlong et al. 1995).
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Table 2. Regression parameters for the repsonse of late instars
of D. noxia to varying concentrations of synthetic (E)-b-farnesene

Exp.
No.

aphids
Slope 6 SE

EC50

(95% CL)
EC50

(mg ml21)a x2

1 155 20.39 6 0.09 0.39 (20.88Ð2.92) 1.48 27.0
2 170 20.23 6 0.06 20.06 (21.77Ð3.76) 0.94 18.1
3 142 20.36 6 0.11 2.19 (Ð)b 8.95 15.4

a Back-transformed after analysis.
b ConÞdence limits not estimable because of lack-of-Þt of data to

the model.
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