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Abstract—(E)-11,13-Tetradecadienal (£11,13-14:Ald) is the major sex
pheromone component of the eastern blackheaded budworm (EBB), Acleris
variana (Fern.). The compound was identified in female pheromone gland
extracts by coupled gas chromatographic-electroantennographic detection (GC-
EAD), coupled GC-mass spectrometry in selected ion monitoring mode, and
retention index calculations of candidate pheromone components. EI1,13-
14: Ald alone as trap bait was very attractive to male EBB. Addition of the
corresponding diene alcohol or acetate or both did not enhance attraction. (Z)-
11,13-Tetradecadienal in binary combination with (E)-11,13-14: Ald neither
enhanced nor reduced trap catches. Increasing the amounts of pheromone from
0.01 to 10 ug increased trap catches, but increase of pheromone quantity
above 100 ug proportionately reduced attraction. Stabilization of slowly
polymerizing E11,13-14: Ald and development of a sustained, adequate release
rate is required for pheromone-based monitoring of EBB populations.

Key Words—Lepidoptera, Tortricidae, Acleris variana, sex pheromone, (E)-
11,13-tetradecadienal.
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INTRODUCTION

The eastern blackheaded budworm (EBB), Acleris variana (Fem.), is a micro-
lepidopterous defoliator of 20 different coniferous trees, particularly balsam fir,
Abies balsamea (L.) Mill; white spruce, Picea glauca (Moench) Voss; black
spruce, P. mariana (Mill.); and western hemlock, Tsuga heterophylla (Raf.)
Sarg. (Rose and Lindqgvist, 1977). After egg hatching in late May or early June,
larvae begin feeding on developing shoots. Pupation occurs in late July to early
August and lasts about two weeks. Moths fly in August and September and lay
eggs on the lower surface of needles.

A series of outbreaks occurred in Newfoundland, the maritime provinces,
and Quebec from 1945 to 1950. The most recent EBB infestation has been
reported in Newfoundland (Clarke and Carew, 1988; Clarke et al., 1989, 1990).
This EBB outbreak caused extensive defoliation of 35,000 ha of mature balsam
fir and was associated with feeding by the eastern hemlock looper, Lambdina
fiscellaria fiscellaria (Guen.). In 1990, defoliation of 89,000 ha was predicted,
and the biological insecticide Bacillus thuringiensis was evaluated as a control
measure to reduce larval numbers and to protect foliage (West and Carter, 1992).

Methods of estimating EBB density are required to predict damage and
measure the effectiveness of control programs. Egg counts, as described for the
western blackheaded budworm (WBB), Acleris gloverana (Walsingham) (Shep-
herd and Gray, 1990), are conducted, but pheromone-based monitoring with
nonsaturating traps would be a more efficient and sensitive method of monitoring
EBB populations. We report the identification of the major sex pheromone com-
ponent of EBB.

METHODS AND MATERIALS

Laboratory Analysis. EBB pupae were field-collected near St. John’s, New-
foundland, and reared to adults at 20°C, 70% relative humidity, and a photo-
period of 14:10 hr light-dark. Male and female pupae were kept separately in
Petri dishes to avoid mating of emergent moths. Maximal attraction of male
WBB to female-baited traps 4 hr after sunset (Shepherd, 1979) suggested that
pheromone production by female WBB peaked 4-5 hr into the scotophase.
Assuming a similar timing of pheromone production in female EBB, abdominal
tips of 2- to 3-day-old virgin females were removed 4-5 hr into the scotophase
and extracted for 5 min in hexane. Aliquots of one female equivalent (FE) of
pheromone extract were subjected to gas chromatographic—electroantenno-
graphic analysis (GC-EAD) (Am et al., 1975), employing a Hewlett Packard
5890A gas chromatograph equipped with a DB-210 coated, fused silica column
(30 m x 0.25 mm ID) (J&W Scientific, Folsom, California 95630). Coupled
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lett Packard 5985 B equipped with the same column as above) in full scan and
selected ion monitoring mode (SIM) was conducted to confirm the presence of
candidate pheromone components in gland extracts. For GC-MS-CI-SIM, full
scan electron impact spectra of synthetic (E)-11,13-tetradecadien-1-ol (E11,13-
14:0H), (E)-11,13-tetradecadienal (F11,13-14: Ald), and (E)-11,13-tetradeca-
dienyl acetate (E11,13-14:0Ac) at 5 ng each were obtained to select diagnostic
ions. In sequence, 200 pg of synthetic compounds, hexane, and an aliquot of
25 female equivalents of pheromone gland extract were analyzed, each time
scanning for the diagnostic ions.

Synthesis of E11,13-14:Ald and 7-11,13-14:Ald. Synthesis of F11,13-
14: Ald and Z11,13-14: Ald were conducted according to methods previously
described (Nesbitt et al., 1973; Yamada et al., 1986).

All field-tested compounds were greater than 99% chemically and geo-
metrically pure. None of the chemical impurities elicited antennal responses in
GC-EAD recordings.

Field-Trapping Experiments. Field experiments in 1991 were conducted at
Cochran Pond, 3 km west of St. John’s, Newfoundland. Experiments were set
up in randomized complete blocks with traps and blocks at least 20 m apart.
Sticky traps (Sandia Die and Cartridge, Albuquerque, New Mexico) were sus-
pended 1-2 m above ground from balsam fir trees and baited with rubber septa
(Sigma Chemical Co., St. Louis, Missouri 63178) impregnated with candidate
pheromone components in 10-50 ul of hexane (HPLC grade).

The first two-treatment, 10-replicate experiment (August 16-September 26)
tested E11,13-14: Ald at 100 pg versus unbaited control traps. The second four-
treatment, five-replicate experiment (September 27-October 8) tested E11,13-
14: Ald (100 pg) alone, in binary combination with either £11,13-14:OH or
E11,13-14:0Ac at a 100: 1 ratio each, and in temary combination with £11,13-
14:0H and E11,13-14:OAc ata 100:1:1 ratio. The third five-treatment, five-
replicate experiment {(October 1-10) tested E11,13-14: Ald (100 ug) alone and
in binary combination with Z11,13-14: Ald at respective ratios of 100: 1, 100:5,
100:10, and 100:100. The fourth six-treatment, four-replicate experiment
(October 10-22) tested E11,13-14: Ald (100 ug) alone and in binary combi-
nation with E11,13-14:0OH at respective ratios of 100:0.01, 100:0.1, 100:1,
100: 10, and 100: 100. A final eight-treatment, four-replicate experiment in 1991
{October 18-30) tested E11,13-14:Ald at the following doses: 0.01, 0.1, 1,
10, 100, 1000, and 10,000 pg.

In 1992, a two-treatment, 10-replicate experiment tested 10 pg of E11,13-
14: Ald versus virgin female EBB. Experimental insects were reared in the
laboratory (20°C, 65% relative humidity, 14:10 hr light-dark). Emergent
females were individually placed in perforated plastic cups that were attached
to the roof of Multipher traps (Biocontrol Services, Ste-Foy, Quebec).
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RESULTS

GC-EAD analysis of female pheromone gland extracts revealed four com-
pounds that elicited antennal responses by male EBB antennae (Figure 1). Based
on retention index (RI) calculations on a DB-210 column, EAD-active com-
pounds 1, 2, and 4 were hypothesized to be corresponding alcohol (RI: 1959),
aldehyde (RI: 2038), and acetate (RI: 2165). Each compound eluted too late to
be a C,,-monoene, but too early to be a conjugated, intemal C,-diene, unless
the conjugated double-bond position was terminal, resulting in a lowering of
the retention index. We therefore hypothesized that compounds 1, 2 and 4 were
E11,13-14:0OH, E11,13-14: Ald and E11,13-14:0OAc. These synthetic dienes
coincided with antennal responses to gland extract on DB-210 and DB-1 col-
umns. Synthetic diene alcohol and acetate (50 pg) and synthetic diene aldehyde
(50 pg) elicited good and very good antennal responses, respectively. GC-MS-
CI-SIM of 25 FE of pheromone extract, monitoring m/z 211 (M + 1) and m/z
193 (M + 1 — H,0) for E11,13-14:0H, m/z 209 M + 1) and m/z 191 (M
+ 1 — H,0) for E11,13-14: Ald, and m/z 253 (M + 1) and m/z 193 (M + 1|
— HOAC) for E11,13-14: OAc, resulted in exact retention time and good ion
ratio matches of synthetic and female-produced compounds, except for the diene
alcohol, which was not detected by GC-MS-SIM in gland extracts.

Traps baited with E11,13-14: Ald were significantly more attractive than
unbaited control traps (Figure 2). Addition of either £11,13-14:OH or E11,13-
14:OAc or both to E11,13-14: Ald did not enhance attraction. Addition of
Z11,13-14: Ald neither enhanced nor reduced attraction to E11,13-14: Ald.

FiD ([)
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g 9 10 1 12
Retention Time {min}

Fig. 1. GC-EAD of female EBB pheromone gland extract. The antennal recording was
carried out with a male EBB antenna. (E)-11,13-tetradecadienal was present at about 50
pg per female equivalent of pheromone gland extract. DB-210 column (30 m X 0.25
mm ID): 1 min at 100°C, 20°C/min to 180°C, 1°C/min at 220°C.
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Addition of increasing amounts of E11,13-14:0H to E11,13-14: Ald consis-
tently reduced trap catches (Figure 3), although trap catch reduction was sig-
nificant only at a 1:1 ratio of aldehyde-alcohol. In the dose-response experi-
ment, increasing the amount of pheromone from 0.01 ug to 10 ug increased
trap catches, but further increase of pheromone quantity (100-10,000 ug) pro-
portionately reduced attraction (Figure 4).

DISCUSSION

In field-trapping experiments, several compounds tested alone or in binary
combination at various ratios have been reported to attract Acleris moths; these
compounds include: (E)-11-tetradecenal, (Z)-11-tetradecenal, (E)-1l-tetra-
decenyl acetate, (Z)-1l-tetradecenyl acetate, and (E)-11,13-tetradecadienal

8 8
1
——
o

-]
=3
1

Captured Males (X + SE)
&
1

n
=]
i)

X

:
I
.
i
: b

EN,13-14 Ald Unbaited

FiG. 2. Captures of EBB males in traps baited with 100 ug of £11,13-14: Ald, Cochran
Pond, Newfoundland, August 16-September 26, 1991; N = 10. Bars superscripted by
the same letter are not statistically different. ANOVA followed by Duncan’s multiple
range test on data transformed by log;g(x + 1), P < 0.05.
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FiG. 3. Captures of EBB males in traps baited with £11,13-14: Ald (100 pg) alone and
in binary combination with £11,13-14:OH at various ratios. Cochran Pond, Newfound-
land, October 10-22, 1991; N = 4. Bars superscripted by the same letter are not sig-
nificantly different. ANOVA foliowed by Duncan’s multiple range test on data trans-
formed by log,o(x + 1), P < 0.05.
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Fic. 4. Captures of male EBB in traps baited with increasing amounts of E11,13-
14: Ald. Cochran Pond, Newfoundland, October 18-30, 1991; N = 4. Bars superscripted
by the same letter are not significantly different. ANOVA followed by Duncan’s multiple
range test on data transformed by logo(x + 1), P < 0.05.

(E11,13-14: Ald) (Mayer and McLaughlin, 1991). In laboratory studies of the
sex pheromone of the yellowheaded fireworm, A. minura (Robinson), Schwarz
et al. (1983) extracted female ovipositors in heptane and analyzed extracts by
GC-MS. Of eight compounds identified in ovipositor extracts, £11,13-14: Ald
was the only compound to attract male A. minuta in the field. The same diene
aldehyde was identified by GC-MS-CI-SIM in EBB pheromone gland extracts
and constitutes the major sex pheromone component in EBB.

Picogram quantities of £11,13-14: Ald elicited strong antennal responses
by male EBB antennae, and small amounts of synthetic diene aldehyde (100 ug)
were exceedingly attractive in field experiments (Figure 2). The corresponding
diene acetate was detected in gland extracts by GC-MS-CI-SIM and the corre-
sponding diene alcohol was tentatively identified by retention index calculations
of antennal responses. However, neither compound enhanced attraction to
E11,13-14: Ald in field experiments. E11,13-14:0OH ata | : | ratio with £11,13-
14: Ald even suppressed trap catches (Figure 3). In contrast to other findings
(Baker and Cardé, 1979; Sanders and Weatherston, 1976), unnatural, dispro-
portionate ratios of E and Z isomers of the major sex pheromone component
neither enhanced nor inhibited attraction of male EBB.

Further experiments were carried out in 1992 to compare attraction of virgin
female EBB with that of the most effective synthetic bait, E11,13-14: Ald at 10
pg. Because females died within the first very cold night of testing, it remains
unknown whether female EBB use a single component sex pheromone as reported
for several geometrids and lymantrids (Roelofs et al., 1982; Bestmann et al.,
1982; Underhill et al., 1987; Millar et al., 1987; Bierl et al., 1970, 1975).
Other as yet unidentified compounds may synergize attraction to E11,13-14: Ald.
Unknown compound 3 (Figure 1), for example, may be behaviorally active,
and additional synergistic pheromone components in gland extracts may have
occurred in quantities too small to elicit antennal responses in GC-EAD record-
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ings. However, E£11,13-14: Ald alone was as attractive as ovipositor extracts
of female A. minuta, which contained eight identified components including
E11,13-14: Ald (Schwarz et al., 1983). Female A. minuta and possibly also
female A. variana may indeed use a single component pheromone.

In the dose-response experiment, increasing amounts of pheromone
increased trap catches, but pheromone quantities above 100 ug proportionately
reduced attraction. Use of F11,13-14:Ald for monitoring EBB populations
requires determination of a pheromone load optimally attractive throughout the
extended flight period of EBB. In addition, a method to stabilize slowly
polymerizing £11,13-14: Ald (Wimalaratne and Slessor, unpublished) needs to
be developed.
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Abstract—Attraction and pheromonal activity of five major identified com-
ponents of the male-produced sex pheromone of the Mediterranean fruit fly
Ceratitis capitata to virgin laboratory-reared females was assessed in a lab-
oratory flight tunnel. Dual-choice competitive assays were run to establish a
bageline response of virgin females to live male pheromone, individual com-
ponents, and an ensemble of all five compounds alone (air control) and com-
petitively against one another. Approximately 50% of the females released in
the tunnel were captured on leaf models emitting pheromonal odors from five
live males. Over 37% of released females responded to an ensemble of five
major identified components presented in individual capillaries. Response of
females to individual components was less than 10%. Competitive assays
showed the live male-produced pheromone to be more attractive than either
the five major component ensemble (FMCE) or individual components. Fur-
ther research is likely to identify other male-produced compounds with pher-
omonal activity that could improve development of a pheromone-based trap
for monitoring Mediterranean fruit fly populations.

Key Words—Ceratitis capitata, Mediterranean fruit fly, Diptera, Tephritidae,
pheromone, I-pyrroline, attractant, flight tunnel.

INTRODUCTION

The Mediterranean fruit fly (Medfly), Ceratitis capitata (Wiedemann) is an
economically important tephritid pest whose host range extends to over 250

*To whom correspondence should be addressed.
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different types of fruits and vegetables. Due to its wide host range, this insect
represents a significant threat to agriculture in states such as California, Florida,
and Texas where much of the U.S. commercial fruits and vegetables are grown.
Presently, the Mediterranean fruit fly is not known to be established in these
areas; however, each year the threat of its introduction increases.

One important method used in detecting foreign introductions of Medflies
into the continental United States is the use of olfactory-based detection traps
placed around likely introduction points such as borders, airports, and seaports.
The use of chemical attractants in detection, control, and eradication of fruit fly
infestations has had a long history, primarily through the use of protein-based
food baits (McPhail, 1939; Steiner, 1952; Gow, 1954) and empirically identified
synthetic attractants such as trimedlure (Gertler et al., 1958; Beroza et al.,
1961). Interestingly, for this species, the use of pheromone-based attractants
has not generated much interest, possibly due to the difficulty in identification
and formulation of the pheromonal components of the male-produced odor and/
or the relatively poor performance of identified pheromonal components com-
pared to proteinaceous or synthetic attractants.

The presence of a male-emitted pheromone attractive to virgin Medfly
females was first reported by Feron (1959, 1962). Subsequently, several
researchers reported on identification or attractancy of the pheromonal compo-
nents from calling male Medflies (Jacobson et al., 1973; Ohinata et al., 1977;
Baker et al., 1985, 1990; Jang et al., 1989; Heath et al., 1991); however,
detailed information on the biological activity of individual components or blends
of the pheromonal components is sparse or lacking in most cases. Baker et al.
(1985) identified nine components of male Medfly odor, of which 1-pyrroline
was reported as the most biologically active singly, although no data were
provided. Jang et al. (1989) identified 54 components from male-produced pher-
omonal odors including eight of the nine reported by Baker et al. (1985) and
tested activity to five individual components and a synthetic blend using a close-
range cage bioassay. Baker et al. {1990) conducted field tests in Mexico of
various combinations of two identified male-odor components (geranyl acetate
and linalool) and five additional volatiles (three pyrazines, ammonia, and tri-
medlure), but they made no attempt to mimic or reproduce the male odor in
their study.

Heath et al. (1991) reported on the identification, natural release rates, and
formulation of three of the five major male-odor components previously iden-
tified by Jang et al. (1989), and they found limited attraction of Medfly females
to three components in the field. Recently, Landolt et al. (1992) reported on
flight behavior of females in a wind tunnel to the three major components of
the male-odor tested by Heath et al. (1991), as well as to the odor of calling
males. Flath et al. (1993) investigated the effects of fly age and time of day on
the composition and complexity of volatile pheromonal emissions of Hawaiian
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Medfly males and reconfirmed the identity of over 30 compounds, five of which
constitute the major quantitative emissions. These chemical analyses indicate a
need for more detailed research on the attractiveness of identified compounds
to virgin female Medflies.

The purpose of this study was to assess the attraction of virgin female
Medflies to the five major male-produced odor components identified by the
present authors (Jang et al., 1989; Flath et al., 1993). The specific objectives
of this study were to establish and compare the inherent attraction of virgin
female Medflies in a laboratory flight tunnel to: (1) the natural male-emitted
pheromone, (2) each of the five major individual components and a synthetic
five-component ensemble, (3) each of the five major individual components vs.
the five-component ensemble, and (4) the five-component ensemble or individual
major components vs. the natural male-emitted pheromone. These competitive
choice tests measured the preference in attraction (of groups) of virgin female
Medflies to pairings of individual major components of the male odor, an ensem-
ble of the five major components, or the natural-male-emitted pheromone.

METHODS AND MATERIALS

Insects. Laboratory-reared Mediterranean fruit fly pupae were obtained from
the USDA-ARS, Tropical Fruit and Vegetable Research Laboratory in Hono-
lulu, Hawaii. Males and females were segregated by sex at the late pupal stage
(Cunningham et al., 1966) and placed separately by sex into groups of 50 in
plastic containers (11.5 cm diameter X 7.5 cm deep) with nylon mesh covers.
The flies were supplied with water, sugar, and hydrolyzed protein and tested at
five to seven days postemergence. Females were held in separate rooms from
males under common environmental conditions (12:12 hr light-dark at 23°C
and 60% relative humidity) prior to testing.

Chemicals. The five identified major compounds tested were ethyl acetate,
geranyl acetate, ethyl (E)-3-octenoate, (E, E)-a-farnesene, and 1-pyrroline.
Ethyl acetate and geranyl acetate were obtained from Aldrich Chemical Co.
(Milwaukee, Wisconsin). Ethyl (E)-3-octenoate was synthesized in the follow-
ing manner: (E)-3-octenoic acid was synthesized from a mixture of hexanal,
triethanolamine, and malonic acid by the method of Linstead et al. (1933). The
acid was esterified with ethanol and the ester distilled to ca. 97% purity.
1-Pyrroline was generated by combining 5 pl of a concentrated aqueous solution
of N-chloropyrrolidine hydrochloride and 5 ul of 4 N KOH solution and 500 ul
of distilled water. Fifty microliters of the resulting solution was placed in a
glass tube measuring 2.4 X 14 mm for presentation. (£, E)-a-Famesene (97.2%)
was isolated from ylang-ylang oil by fractional distillation, followed by liquid
chromatography on 15% silver nitrate-silica.
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All compounds except 1-pyrroline were formulated individually by placing
each neat compound in individual glass capillary tubings of different sizes
(1- and 5-pl microcaps, Drummond Scientific, Broomall, Pennsylvania) and
different headspace levels (i.e., empty tubing space above the filling level),
which allowed for different release rates for each of the five compounds (Weath-
erston et al., 1985; Heath et al., 1991). Individual compounds were tested by
taping its capillary tube to the inside wail of the emission container. All five of
the individual tubes containing compounds were taped to the sides of the emis-
sion container to produce, through simultaneous evaporation, the five major
component ensemble (FMCE). Estimates of release rates for all compounds
except 1-pyrroline were calculated from measurements of evaporation (drop in
meniscus) in the capillaries over time in the flight tunnel. The capillary tube
formulations had evaporation rates correlated to previous quantitative studies on
the natural emission rates and ratios of the five major components released from
calling males (Flath et al., 1993). The release rate of 1-pyrroline was estimated
after adding a concentrated HCI solution to the tube containing residual
1-pyrroline at the completion of the test in order to re-form the stable N-chlo-
ropyrrolidine hydrochloride, which was subsequently converted to 2,3-trimeth-
ylene-4-quinazolone for quantification (Sakamoto and Samejima, 1979). The
five major compounds, their purity, formulations, estimated release rates, and
relationship to quantitative analysis of the five major components present in the
male odor are listed in Table 1.

TasLE 1. FivE MAJOR IDENTIFIED COMPONENTS FROM MALE ODOR OF
MEDITERRANEAN FrurT FLIES: PURITY, EVAPORATIVE RELEASE RATES,
FORMULATION, AND PERCENTAGE RATIOS OF COMPONENTS USED IN
FrLigHT-TUNNEL STUDIES

Estimated % of total % of total
Purity release rate measured  from natural
Compound (%) {ng/hr} Formulation release rate  male odor®
{(E.Eya-
Farnesene 97.2  1660-2300 2 1-pl caps, 8 mm HS” 10.6 6.9
Gerany| acetate 98 1472 1 1-pl cap, plugged 8 12.5
8 mm HS
Ethyl (£)-3-
octenoate 97 5144 1 5-pl cap, 8 mm HS 27 20.4
Ethyl acetate 99.9  10,000-12,000 1 1-pl cap plugged 53 46.4
24 mm HS
1-Pyrroline 100 168 1 tube (14 X 2.5 mm) 0.9 13.6

“Caiculated from Table 1 of Flath et al. (1993).
#HS = headspace, capillaries were open on both ends unless indicated as plugged at one end.
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The five major components of the pheromonal odor (Jang et al., 1989;
Flath et al., 1993), which together constitute greater than 90% of the total male
odor, were tested individually and together as a FMCE for their attractiveness
to virgin sexually mature females in a series of competitive dual-choice bioas-
says. Initial flight tunnel assays compared the inherent attractancy of each of
the five compounds individually, the FMCE, or the odor of five sexually mature
males against a clean air control. A second series of assays compared the indi-
vidual compounds or the FMCE against the odor of five males. A third series
of tests compared the individual components to the FMCE. Additionally, we
tested the effect of doubling the emission rate (i.e., adding additional capillaries)
of each individual component in the FMCE (keeping the remaining four the
same) against air.

Flight-Tunnel Assay. Laboratory flight-tunnel bioassays were conducted in
a rectangular glass flight tunnel as described by Jang and Light (1991). The
tunnel measured 0.9 m X 0.9 m X 2.8 m and contained a measured airflow of
0.15 m/sec. Lighting inside the tunnel was maintained at ca. 2000 lux using
60-W fluorescent lights. Experiments were carried out during the moming hours
(0800-1200 hr).

For each dual-choice assay, two artificial ‘‘leaf models’’ were placed inside
the flight tunnel at a height of 40 cm above the floor of the tunnel and equidistant
from each other and the sides of the tunnel. An emission container was con-
structed using a 250-ml plastic cylindrical bottle (Nalgene), which had the bot-
tom third (4.5 cm) removed. A 9-mm hole was drilled into the cap of each
resulting cylinder and fitted to tygon tubing. Two emission containers were
connected via a T fitting to a cylinder of breathing-quality compressed air. Air
was passed through each tubing at a flow rate of 50 ml/min into the plastic
cylinder, which mixed and flushed odors from either calling males or synthetic
components into the laminar-flow flight tunnel. The open end of the cylinder
was covered with dark nylon mesh to prevent flies from landing on the emission
tubes or viewing enclosed live males. Two artificial leaves (15 X 23 cm), made
from dark green construction paper and covered on one side with Tanglefoot
sticky glue (Tanglefoot Co., Grand Rapids, Michigan) were vertically aligned
and taped above and below the emission container to form the artificial leaf
model with the sticky side facing down wind. Emission tubes were taped to the
tnner wall of the emission container. For tests using live males, five males were
placed inside the emission container portion of a similarly constructed leaf model.
Clean air controls emitted only air through the leaf models.

For each assay, 50 females were released at the downwind end of the tunnel
from a platform situated at midheight of the tunnel (40.5 cm). The released
females were allowed to fly within the tunnel for 30 min, during which time
they were observed for upwind flight and capture on the artificial leaves. At the
end of the 30-min assay, the flies captured on the sticky surface of the leaf
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models were counted and removed from both leaf models. After each assay, all
noncaptured flies were removed (by vacuum suction) from the tunnel. New flies
were then introduced at the start of subsequent tests. The tunnel’s glass walls
were cleaned with ethanol and allowed to dry completely whenever a change in
the dual-choice tests were made. All tests were replicated at least four times
using new flies for each replication. Location of the leaf models relative to each
other in the flight tunnel were rotated from one side of the tunnel to the other
(left or right) to avoid directional bias. Analysis for significant differences in fly
capture on each of the two leaf models were compared using PROC TTEST
(two-sample test) (SAS Institute, 1988).

RESULTS

Inherent Attractancy Tests. Females released into the flight tunnel in the
absence of live male odor, FMCE, or individual components did not show any
directed upwind anemotaxis toward the leaf model. Without odor stimuli, females
congregated in the release or downwind end of the tunnel, and most did not
pass the halfway point towards the upwind area of the tunnel during the course
of the 30-min assay. Resulting capture of flies on the air (control) leaf model
was always low (overall mean of 0.4 flies).

When live males were placed in the emission container, females exhibited
a directed upwind anemotaxis to the male odor and significantly chose the male
odors (pheromone) over the air control in all assays performed. Flights consisted
of either a general movement upwind towards the odor source or a directed,
upwind flight. Oriented upwind flights were either straight-line or a side-to-side
zigzag movement characteristic of the counterturning motion of insect flight in
flight tunnels to pheromonal odors. In general movement upwind, females would
often take flight from the platform, alight on the sides of the glass tunnel and
exhibit cleaning of antennae and legs prior to resuming their upwind flight. A
mean of 24.3 + 2.0 (48.6%) of released flies (50/test) were captured on leaf
models emitting male pheromone compared to a mean of 1.0 + 0.6 captured
on the leaf model emitting air (control). This represents nearly a 50% behavioral
response from which we designed further experiments.

Individual pheromonal components [except for ethyl (E)-3 octenoate] were
significantly more attractive to virgin females than air alone (Table 2). However,
the response to the individual components was less than the females’ response
to the male-emitted pheromone. Responses of virgin females to the FMCE
approached that of live males when either was paired to air alone. A mean of
18.8 females (37.6% of released flies) were captured on the artificial leaves
emitting the FMCE compared to a mean of 0.2 females captured on the leaf
models emitting air alone. The response was significantly greater to both the
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TABLE 2. INHERENT ATTRACTION OF VIRGIN FEMALE MEDITERRANEAN FrUIT FLIES TO
NATURAL LIvE MALE PHEROMONE, FIVE MAJOR COMPONENT ENSEMBLE (FMCE),
Or INDIVIDUAL COMPONENTS VERSUS AIR-ALONE CONTROL IN LABORATORY
FLiGHT TunNEL!

Mean No. of females captured

+ SEM

Test components N Treatment Air control
Live males 4 243 £ 2.0 1.0 + 0.6**
Five components (FMCE) 24 i8.8 4+ 0.8 0.2 + 0.1%*
(E,E)-o-Famesene 4 40+ 1.6 0.0 + 0.0*
{-Pyrroline 4 4.5+ 09 0.0 + 0.0%*
Geranyl acetate 4 15403 0.0 + 0.0%*
Ethyl acetate 4 48 + 1.8 0.0 4+ 0.0%
Ethyl (£)-3-octenoate 4 4.0 + 1.1 20+ 09

“Five major component ensemble and individual pheromone components presented as in text at
release rates specified in Table 1. Mean number of females captured were significantly different
at the indicated (**P < 0.01, *P =< 0.05) level of significance based on paired 7 tests of the
means (SAS). Each replicate contained 50 females.

live male odor and the FMCE than to air. The responses to live male odor or
FMCE were greater than those to the major individual components tested against
air.

Competitive Attractancy Tests. Response of virgin females to individual
pheromonal components compared to live male pheromone was low (Table 3).
Mean responses to individual major components ranged from 0 to 2.2 females
captured compared to a mean range of 16.5 to 25.8 females captured on leaf
models emitting male pheromone. When evaluating the competitive efficacy
relative to natural pheromone (or percentage of catch) for each of the five indi-
vidual major components, ethyl acetate > 1-pyrroline > (E, E)-a-farnesene as
single component attractants of females. Females showed a significantly greater
preference for natural male pheromone (X = 16.7) over the FMCE (X = 5.7)
when tested competitively. However, the FMCE did show some competitive
effect in preferentially capturing 34% of the total number of females captured
by the natural pheromone, This competitive activity reduced the predicted num-
ber of females expected to be captured on the leaf model emitting natural pher-
omone (X = 24.3) based on previous tests using live males.

Female responses to individual components relative to the FMCE are com-
pared in Table 4. The FMCE caught significantly more females than any of the
individual major male-odor components. Mean captures ranged from 11.8 to
19.5 to the FMCE compared to 0.3-2.3 for the individual components. In these
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TABLE 3. ATTRACTION OF VIRGIN FEMALE MEDITERRANEAN FRUIT FLIES TO FIVE
Majsor CompPONENT EnseMBLE (FMCE) or INDIVIDUAL COMPONENTS VERSUS
LiveE MALE-EMITTED PHEROMONE IN LABORATORY FLIGHT TUNNEL®

Mean No. of females captured

+ SEM
Treatment capture
Live male as a % of live male
Test component(s) N Treatment standard standard
Air” 4 1.0 + 0.7 24.3 + 2.0%* 4.1
Five components (FMCE) 11 57 +£07 16.7 + 1.3%* 34.1
{E E)-a-Famesene 4 1.0 £ 0.0 16.5 + 2.6%* 6.1
1-Pyrroline 4 1.8 + 06 245 4 3.4%* 74
Geranyl acetate 4 00 + 00 25.8 + 1.9**
Ethyl acetate 4 22+10 21.3 + 2.9%* 10.3
Ethyl (£)-3-octenoate 4 03+03 18.3 + 2.2%* 1.6

“Five major component ensemble and individual pheromone components presented as in text at
release rates specified in Table 1. Mean number of females captured were significantly different
at the indicated (**P = 0.01) level of significance based on a paired  test of the means (SAS).

*Data taken from Table 2.

TABLE 4. ATTRACTION OF VIRGIN FEMALE MEDITERRANEAN FrRuUIT FLIES TO
InpiviDuaL PHEROMONE COMPONENTS VERSUS FIVE MAJOR COMPONENT
EnsemsLE (FMCE) v LaBoraTORY FLigHT TUNNELY

Mean No. of females captured

+ SEM
Five Treatment capture
component as a % of five
Test component N Treatment ensemble component ensemble
Five males” 1 167 + 1.3 5.7 + 0.7%* 293.0
(E,E)-a-Famesene 4 0.8+05 16.0 4 1.5%* 5.0
i-Pyrroline 4 03 +03 19.5 4 2.5%# 1.5
Geranyl acetate 4 0.5 +03 1.8 + 1.4%% 4.2
Ethyl acetate 4 20+1.2 15.3 + 1.8** 13.1
Ethy! (E)-3-octenoate 4 23+06 14.3 + 2.1%* 16.1
Air¢ 4 0.2 +0.1 18.8 + 0.79* 1.0

“Five major component ensemble and individual pheromone components presented as in text at
release rates specified in Table 1. Mean number of females captured were significantly different
at the indicated (*P < 0.05, **P =< 0.01) level of significance based on a paired  test of the
means (SAS).

*Data comparing five males with the five components are from Table 3.

‘ Data on air control versus five components are from Table 2.
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tests, ethyl (E)-3-octenoate and ethyl acetate showed the best competitive activ-
ity (16.1% and 13.1% relative capture) followed by (E, E)-a-famesene (5.0%)
and geranyl acetate (4.2 %), while 1-pyrroline showed little competitive activity.

Doubling the emission rate of individual components in the FMCE one at
a time resulted in mean captures ranging from 11.8 flies [ethyl (E)-3-octenoate]
to 21.0 flies [(E, E)-a-farnesene)] (Table 5). Total capture by the augmented
FMCE was, however, still significantly greater than to air alone. These data
were similar to responses obtained for FMCE in earlier tests (Tables 2 and 4).

DISCUSSION

Female Medflies orient, fly upwind, and discriminate multicomponent male-
produced pheromone odors from individual odors in a flight tunnel. While long-
range attraction of females to calling males in the field has been reported pre-
viously (Ohinata et al., 1977; Nakagawa et al., 1981), the development of a
five-component synthetic pheromonal blend (FMCE) attractive to females that
approaches the attractancy of live calling males has not been previously reported.
Ohinata et al. (1973), using a cage bioassay, reported that up to 50% of 100
released females responded to odor from filter paper that had been exposed to
2000 males or to a methylene chloride extract of a cold-trapped condensate from
air passed over caged males. Compounds identified from that study were sub-
sequently found to be unattractive to females. More recent attempts to formulate
a synthetic pheromonal lure have centered around either a minimalist approach
using only three components (Heath et al., 1991; Landolt et al., 1992) or an
empirically derived combination of three identified (Howse, unpublished) com-
ponents of male odor (Baker et al., 1990), which had little in common with the

TABLE 5. ATTRACTION OF VIRGIN FEMALE MEDITERRANEAN Frurt FLies To Five
Maior CompoNENT ENSEMBLE (FMCE) ConTainING TwiCE THE EMISsiON OF
ONE COMPONENT VERSUS AIR CONTROL IN LABORATORY FLIGHT TUNNEL®

FMCE plus additional N Treatment Air control
Ethyl acetate 4 14.2 + 2.2 0.5 £ 0.5%*
(E,E)-a-Farnesene 4 21.0 + 2.2 0.0%*
1-Pyrroline 4 13.5 + 1.9 0.0%=*

Ethyl (£)-3-octenoate 4 11.8 £ 1.6 0.2 £ 0.2%*
Gerany| acetate 4 13.3 + 2.5 0.3 £ 0.3%*

“Five major component ensemble and individual components presented as in text at release rates
specified in Table |. Mean number of females captured were significantly different at the indicated
(*+P < 0.01) level of significance based on paired / tests of the means (SAS).
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qualitative or quantitative complexities of the natural pheromonal odor. Neither
the Heath et al. (1991) nor the Baker et al. (1990) studies directly compared
the responses of their blends/formulations with a source of natural pheromone.
The mean response of virgin females to the five-component ensemble in this
study (37.6%) was far greater than that obtained by Landolt et al. (1992), who
reported that only 3.3% of the individually released females contacted the source
emitting a three-component blend, whereas 43.3% of individually released
females responded to the odor of 15 caged males.

In almost all cases, responses of virgin females to individual pheromone
components were low (overall X = 0.4 flies), while the male pheromone or the
FMCE caught significantly more females, suggesting that qualitative differences
or complexity in the number of pheromone components are key factors in the
elicitation and degree of female attraction. Increasing the emission rate of indi-
vidual components over the levels reported in this study did not significantly
increase female capture (data not shown).

We believe that much of the observed differences in response between the
FMCE and the natural male pheromone reported in this study are due more to
qualitative differences (or complexity in odor composition) than quantitative
differences in emission rates of the constituents tested. Increasing numbers of
calling males (from 5 to 10) confined in the emission container of the leaf model
did not increase attraction of females in our studies (data not shown). Ohinata
et al. (1973) reported that there was little difference in attraction of females to
10, 25, or 50 live males in laboratory bioassays. Recent results of the present
authors (Light et al., unpublished), showing that intermediate and minor male
odor components can enhance the attraction of virgin females to natural male
pheromone, suggests that further improvements in the synthetic five-component
blend are possible.

Baker et al. (1985) reported that 1-pyrroline was the most active individual
component for female attraction, an observation we confirmed in earlier close-
range cage tests (Jang et al., 1989). However, in the flight tunnel assay, delta-
1-pyrroline alone did not attract more females that other individual components.
Apparently, its power lies in its ability to synergize with other components to
produce the active pheromone (Jang et al., unpublished).

The identification of biologically active pheromone components attractive
to female Medflies will be important additions to our knowledge of fruit fly
semiochemicals and may lead to further studies on mating behaviors critical to
development of sound control strategies.
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Abstract—The addition of activated charcoal to a nutrient solution for the
hydroponic culture of cucumber resulted in significant increases in the dry
weight of the plant and fruit yield. Hydrophobic root exudates were collected
at different growth stages with Amberlite XAD-4 resin and bioassayed with
lettuce seedlings. The exudates at the reproductive stage were more phytotoxic
than those at the vegetative stage. The exudates contained organic acids such
as benzoic, p-hydroxybenzoic, 2,5-dihydroxybenzoic, 3-phenylpropionic,
cinnamic, p-hydroxycinnamic, myristic, palmitic, and stearic acids, as well
as p-thiocyanatophenol and 2-hydroxybenzothiazole, all of which, except
2-hydroxybenzothiazole, were toxic to the growth of lettuce.

Key Words—Activated charcoal, allelopathy, autotoxicity, Cucumis sativus
L., hydroponics, Lactuca sativa L., nutrient solution, organic acid, phyto-
toxicity, root exudates.

INTRODUCTION

Allelopathy and autotoxicity due to root exudates of plants are important in
agricultural and ecological problems such as the replant failure of horticultural
crops, the selection of companion crops in mixed cropping, crop rotation, and
growth reduction in some fruit vegetables during fruit enlargement (Putnam,
1986; Rizvi and Rizvi, 1992; Sarobol and Anderson, 1992; Tucker, 1981;
Young, 1984). We recently reported that the growth of tomato in hydroponic
culture was inhibited by organic substances that arose from the root exudates
and were removed from the nutrient solution by adsorption on activated charcoal
(Yu et al., 1993). The present study deals with the phytotoxicity of root exudates

*To whom correspondence should be addressed.
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of cucumber plants and the identification of the phytotoxic substances. Cu-
cumber is a vegetable cultivated throughout the world. However, poor growth
due to successive cropping has frequently been observed. The phenomenon has
been attributed to the buildup of pests, nutritional disorder, or other unknown
factors (Takahashi, 1984). It has also been suggested that cucumber has alle-
lopathic potential and some accessions of cucumber severely inhibit the growth
of cucumber and weeds (Gaidamak, 1971; Lockerman and Putnam, 1979,
1981a.b; Putnam and Duke, 1974; Putnam, 1986).

METHODS AND MATERIALS

Reagents. All the reagents and solvents used were commercially available
and used without further purification except for pyridine, which was dried over
CaH, and distilled before use. p-Thiocyanatophenol was prepared according to
the directions of Bordwell and Boutan (1956): 'H NMR (CDCl,) § = 6.88 (2H,
d, J = 8.8 Hz) and 7.45 (2H, d, J = 8.8 Hz); MS (70 eV) m/z (relative
intensity) 151 (100), 123 (23), 96 (49), 65 (28}, 39 (40), and 27 (21).

Growth Tests. Cucumber plants (Cucumis sativus L., cv. Tokiwa, Sakata
Seed Co.) were cultivated by means of hydroponic systems as described pre-
viously (Yu et al., 1993). Each system was mainly composed of a culture bed
(94 X 94 X 5 cm), a nutrient solution tank (150 dm?), a pump with a time
switch, and an inlet with an air-siphon. The nutrient solution was periodically
recycled by the pump. Six cucumber seedlings at the two-leaf stage were trans-
planted to each bed and cultivated for about two months. The initial nutrient
solution contained (in mmol/dm?) Ca(NQ,),, 3.0; KNO,, 6.0; NH,H,PO,, 1.0;
MgS0,, 1.5 and (in mg/dm®) FeCl;, 15; H;BO,, 3; MnCl,, 2; ZnSO,, 0.22;
Cu(NO;),, 0.05; Na,MoO,, 0.02. The pH and electrical conductivity (EC) at
25°C of the solution were 5.5 and 1.9 dS/m, respectively. The nutrient solution
was not renewed during cultivation. Nutrients and water consumed by the plants
were periodically compensated on the basis of chemical analysis (Yu et al.,
1993) of the nutrient solution collected weekly or biweekly. The hydroponic
culture was carried out twice, from June 26 to August 22 and from September
6 to November 13, 1992, with and without the addition of 600 g of granular
activated charcoal (Takeda Chemical Industry Co., Shirasagi W,C, 4-8 mesh)
to the nutrient solutions (150 dm®) in the tanks. Each treatment was triplicated
in the first cropping and duplicated in the second cropping. At the end of cul-
tivation, the plants were divided into root, shoot, and fruit, dried at 80°C, and
weighed.

Collection of Root Exudates. The residual nutrient solutions (10 dm®) of
the hydroponic cultures were passed through columns packed with 15 cm?® of
Amberlite XAD-4 resin (Sigma Chemical Co.) as an adsorbent of hydrophobic
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substances. Prior to use, the resin was cleaned by treatment with hot water,
followed by Soxhlet extraction with methanol, acetone, and diethyl ether, each
for 24 hr (Tang and Young, 1982). The columns, after use, were washed with
200 cm? of water and treated with 100 cm® of methanol as an eluent. The eluates
were concentrated to 10 cm® by evaporation in vacuo at 40°C.

In another experiment, the root exudates of cucumber were collected at
different growth stages with a continuous trapping system similar to that devised
by Tang and Young (1982). A column of the system was packed with 15 cm®
of the precleaned XAD-4 resin. Three cucumber seedlings at the two-leaf stage
were transplanted in a pot (12 dm”) filled with 10 dm® of the nutrient solution
with the same composition as described above. The nutrient solution was aerated
and continuously recycled at the rate of 1 dm*/hr by means of an air pump. The
pot was maintained at 28°C by day and at 20°C by night in a growth chamber
under natural light. The cultivation was carried out from June 12 to September
2, 1992, and the column of the system was replaced by a new column every 10
days during cultivation. The detached columns were washed with 200 cm® of
distilled water and then treated with 200 cm? of methanol. The methanol solu-
tions were concentrated to 3 cm® by evaporation in vacuo at 40°C. Concurrently,
an additional trapping system was employed as a control, in which no cucumber
plant was transplanted.

Phytotoxicity Bioassay. The assay was carried out according to the method
of Tang and Young (1982). Thus, an aliquot of a test solution was applied with
a micropipet to a 3.5-cm? disk of filter paper in a 5.5-cm-diameter Petri dish.
After evaporation of the solvent, the disk was wetted with 0.2 cm’ of distilled
water. Eight lettuce seeds (Lactuca sativa L., cv. Shisuko; Takii Seed Co.)
were placed on the disk. The seeds were incubated in a moisture-saturated box
at 24°C for 50-60 hr. The mean root length of the resulting seedlings was
selected as a growth index. Bioassay with cucumber seeds was also carried out
in a similar manner, except that the disk area, the amount of water added,
incubation time, and temperature were 19.6 cm?, 3 cm®, 120 hr, and 28°C,
respectively.

Identification of Phytotoxic Substances. The methanol eluate of the pot
experiment, after evaporation to dryness, was dissolved in 20 cm’ of water. The
resulting solution was adjusted to pH 8.0 with 0.1 mol/dm® NaOH and extracted
three times with 30 cm® of ethyl acetate. The aqueous layer was then adjusted
to pH 2.0 with 1.0 mol/dm® HCI and extracted three times with 30 cm® of ethyl
acetate. The extracts from aqueous solutions at pH 8 and pH 2 were separately
dried over anhydrous CaSO, and evaporated in vacuo to give 10 cm® of the
concentrates, which we hereafter call neutral (NF) and acidic (AF) fractions,
respectively. The residual aqueous layer was neutralized and passed through a
column filled with 15 cm® of the XAD-4 resin. The column was eluted with 50
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cm’ of methanol, and the eluate was evaporated in vacuo to give 10 cm’ of the
concentrate, which we hereafter call the water-soluble (WF) fraction.

Aliquots (1 cm®) of the NF, AF, and WF were evaporated in vacuo to
dryness, and to the residues were added 0.2 cm® of pyridine and 0.2 ey of N,
O-bis(trimethylsilyl)trifiuoroacetamide containing 1% of trimethylchlorosilane.
The resulting and original solutions were analyzed with a Shimadzu GC-14A
gas chromatograph and a Hitachi M-80 gas chromatograph-mass spectrometer
{GC-MS). A TC-5 capillary column (60 m, GL Science) and a OV-17 column
(2% Uniport HP 80/100, 2 m) were used for the gas chromatograph with He
as carrier gas. The column temperature was elevated from 100°C to 270°C at
the rate of 5°C/min. The ionization voltage in the electron impact mode of the
mass spectrometer was 70 eV.

RESULTS AND DISCUSSION

Effect of Activated Charcoal on Growth of Cucumber. Table 1 shows the
dry weights of organs and the fruit yields at the end of cultivation in the absence
and presence of activated charcoal. The addition of the charcoal resulted in
significant increases in dry matter production and fruit yield. During the exper-
iments, the concentrations of nutrients were periodically regulated to be as con-
stant as possible. Figure 1 shows changes in pH, EC, and the concentrations of
some major nutrient elements during cultivation. The changes were virtually
independent of the addition of the charcoal. Similar results were also obtained
for Mg?* and SO; ™. Hence, the effect of the charcoal on the growth of cucumber
plants was not attributable to changes in the composition of inorganic nutrients
but to phytotoxic organic substances, which were adsorbed on the charcoal,
although cucumber plants grown without charcoal exhibited no apparent symp-
toms of autotoxicity except their leaves were relatively small.

TasLE 1. EFFeCTS OF ACTIVATED CHARCOAL ON GROWTH OF CUCUMBER PLANT?

Dry weight (g/plant)

Fruit yield
Cropping Treatment Root Shoot Fruit Total (kg/plant)
i Control 6.4 95.2 50.7 152.4 1.18
Charcoal [1.2%* 123.5%+ 73.1** 207 8% 1.80%*+*
2 Control 5.8 94.5 19.0 119.3 0.43
Charcoal 8.4 131.7* 48.8% 189.4%* 111

% #% and *** refer to significant differences compared with the control at 0.05, 0.01, and 0.001
levels by Student’s ¢ test, respectively.
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Fig. 1. Changes in pH, EC, and the concentrations of a few major ions in nutrient

solutins during the first cropping of cucumber plants in the absence (open circles) and
presence (solid circles) of activated charcoal.

Hydrophobic substances in the residual nutrient solutions after cultivation
were collected by passing 10 dm® of the solutions through Amberlite XAD-4
resin columns and eluted by methanol. The eluates were concentrated to 10 cm’,
and the concentrates were bioassayed with cucumber and lettuce. Figure 2 shows
the effects of the volume (V) of aliquots of the concentrates on the mean root
length (MRL) of the seedlings after incubation. The MRL values for the solution
treated with charcoal were significantly larger than those for the untreated solu-
tion. Furthermore, the MRL value for the latter decreased with increasing V
value. These results support our presumption that cucumber plants exude phy-
totoxic substances that are adsorbed on activated charcoal. Figure 2 also shows
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Fic. 2. Plots of the mean root lengths (MRL) vs. the volume (V) of concentrated eluates
assayed with cucumber (a) and lettuce (b) for residual nutrient solutions with (solid
circles) and without (open circles) charcoal.
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that the bioassay with lettuce is much more sensitive than that with cucumber,
so that the former was used for the subsequent experiments.

Phytotoxicity at Different Growth Stages. Pot experiments with root exudate
trapping systems provided several XAD-4 resin columns through which nutrient
solutions were passed for about 10 days. We treated the columns with methanol
and concentrated the eluates to 3 cm® to give solutions containing root exudates
at difference growth stages. Figure 3 shows changes in the MRL values of lettuce
with sampling time. The MRL values were virtually constant for the initial
periods of 40 days (vegetative growth stage), then decreased rapidly, and
approached a very small constant value at the reproductive stage. The solutions
from the control pot gave a virtually constant MRL value throughout the exper-
iment. The results suggest that phytotoxic substances are mainly exuded at the
reproductive stage. Similar phenomena have been reported on yellow fieldcress
(Yamane et al., 1992) and tomato (Yu et al., 1993).

Identification of Phytotoxic Substances. The eluate from the XAD-4 resin
in the pot experiment was evaporated to dryness, and the residue was fraction-
ated into three fractions: NF, AF, and WF. Table 2 shows the results of bioassay
with lettuce for these fractions at various volume values. The ratio value in the
table refers to the ratio of the MRL value for the root exudates to that for the
control. Growth inhibition was observed for NF and AF but not for WF. Thus,
NF and AF were used for the GC and GC-MS analyses to identify compounds
involved.

The NF gave a number of GC peaks (Figure 4), among which the main

MRL (an)

0 20 40 60 80 100

Days after planting

FiG. 3. Mean root lengths (MRL) of lettuce seedlings assayed for root exudates at
different growth stages of cucumber plants. Open circles: control; solid circles: root
exudates. Three replications with eight seeds for each were carried out at 20 mm’® of test
solutions.
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TaBLE 2. RaTios oF MeaN RooT LengTHs FOR NEUTRAL (NF), Acipic (AF), anD
WATER-SOLUBLE {WF) FRACTIONS FROM ROOT EXUDATES TO THOSE FROM
CoNTROL AT VARIOus VoLuMES ofF TEST SoLuTiONS

Ratio
Voiume

{mm?/disk) NF AF WF
5 0.96* 0.83* 0.94

10 0.90* 0.82% 0.93

20 0.66* 0.63%* 0.97

40 0.37%* 0.34+%% 0.91

80 0.19*#* 0.09*%*+* 1.03

ax *% and *** refer to significant differences compared with the control at 0.05, 0.01, and 0.001
levels by Student's ¢ test, respectively.
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I M 2
0 6 20 30
Time {min)

Fi1G. 4. Gas chromatogram of the neutral fraction (NF): (a) control; (b} root exudates.
Analytical conditions: column, OV-17 (2 m); oven temperature was raised from 100°C
to 270°C at 5°C/min; detector and injector temperatures, 300°C; the flow rate of carrier
gas (He): 30 cm/min. Peak 1, p-thiocyanatophenol; peak 2, 2-hydroxybenzothiazole.

peak (peak 2) was attributed to 2-hydroxybenzothiazole by the comparison of
the mass spectrum [m/z (rel. intensity) 151 (100), 123 (49), and 96 (66)} and
the retention time (18.1 min) with those of the authentic sample. Similarly, the
peak 1 was attributed to p-thiocyanatophenol. The contents of p-thiocyanato-
phenol and 2-hydroxybenzothiazole in NF were 0.7 and 8.0 mg/g root exudate,
respectively. The other peaks in Figure 4 have not been identified at present.
2-Hydroxybenzothiazole has been separated from the rhizosphere of coffee tree
{Waller et al., 1986), although there is no report showing that cucumber exudes
the compound. There is also no report that p-thiocyanatophenol is separated
from the rhizosphere of plants, including cucumber.

The GC analysis of the AF, after trimethylsilylation, gave a number of
peaks (Figure 5), among which nine were assigned to trimethylsilylates of organic
acids such as benzoic, 3-phenylpropionic, cinnamic, p-hydroxybenzoic, 2,5-
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FiG. 5. Gas chromatogram of the acidic fraction (AF) after trimethylsilylation: (a) con-
trol; (b} root exudates. Analytical conditions: column, GL Sciences TC-50 (60 m); oven
temperature, 100°C for 2 min and then raised to 270°C at 5°C/min; detector and injector
temperatures, 300°C; the flow rate of carrier gas (He), 1 cm’/min. Peak 1, benzoic acid;
peak 2, 3-phenylpropionic acid; peak 3, cinnamic acid; peak 4, p-hydroxybenzoic acid:
peak 5, 2,5-dihydroxybenzoic acid; peak 6, myristic acid; peak 7, p-hydroxycinnamic
acid; peak 8, palmitic acid; peak 9, stearic acid.

dihydroxybenzoic, myristic, p-hydroxycinnamic, palmitic, and stearic acids,
based on the comparison of their GC-MS data with those of authentic samples.
These compounds were not detected in the AF of a control, indicating that they
were the constituents of root exudates. They have frequently been separated
from the root residue, root exudates, and rhizosphere of plants (AlSaadawi et
al., 1983; Pérez and Ormeifo-Nufiez, 1991b; Rice, 1984; Tang and Young,
1982; Yamane et al., 1992), although not from the root exudates of cucumber.
The mean rates of release for these compounds at the vegetative and reproductive
stages were calculated on the basis of the amounts of the compounds detected
and the days needed for the collection (Table 3). Significant amounts of the
fatty acids, as well as benzoic acid, were released at both stages, whereas the
other aromatic carboxylic acids were mainly released at the reproductive stage.
The calculated rates of release for the aromatic carboxylic acids were similar to
those for allelochemicals observed for other plants, ranging from less than 1
pg/day to several micrograms per day (Pérez and Ormefio-Nuiiez, 1991a,b;
Tang and Takenaka, 1983; Yamane et al., 1992).

Table 4 shows the phytotoxicity of the identified compounds at various
concentrations. Most of the compounds exhibited significant phytotoxicity at
concentrations higher than 0.1 mmol/dm’. Among them, p-thiocyanatophenol
was the most phytotoxic. 2-Hydroxybenzothiazole had no inhibitory effect on
the growth of lettuce. The inhibitory effect of phenolic acids such as ferulic and
p-hydroxycinnamic acids on the growth of cucumber plants and their nutrient
uptake has been reported (Blum et al., 1985; Blum and Dalton, 1985; Holappa
and Blum, 1991; Lyu et al., 1990).
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TasLE 3. IDENTIFIED ORGANIC ACIDS IN ACIDIC FRACTION (AF) AND MEAN RATES OF

RELEASE FOR THEM AT DIFFERENT GROWTH STAGES

Release rate (ug/day/plant)

Peak miz Organic acid Vegetative Reproductive
1 194 Benzoic 1.5 1.5
2 222 3-Phenylpropionic ND“ 0.7
3 220 Cinnamic ND 1.6
4 282 p-Hydroxybenzoic ND 1.5
5 370 2,5-Dihydroxybenzoic .1 0.4
6 300 Myristic 1.4 1.5
7 308 p-Hydroxycinnamic ND 0.9
8 328 Palmitic 2.6 5.0
9 356 Stearic 0.5 1.1

“ND: not detected.

TasLe 4. ErFecT OF IDENTIFIED COMPOUNDS AT VARIOUS CONCENTRATIONS ON RooTt
LENGTH (mm) OF LETTUCE

Concentration (mmol/dm®)

Compounds 0 0.01 0.05 .10 0.50
Benzoic acid 11.2a" 11.2a 10.1a 6.3b 3.4c
p-Hydroxybenzoic acid 11.2a 9.6a 9.6a 6.3bc 4.7c
2,5-Dihydroxybenzoic acid 11.2a 11.3a 11.1a 9.2ab 8.2b
3-Phenylpropionic acid 11.2a 10.5a $.2a 6.9b 2.4c
Cinnamic acid i1.2a 10.2a 9.6a 6.4bc 5.4c
p-Hydroxycinnamic acid il.2a 11.0a 9.9a 9.6a 7.8b
Myristic acid 11.2a 10.42 9.2ab 8.3ab 8.4b
Palmitic acid i1.2a 11.0a 10.9ab 10.3ab 6.5b
Stearic acid 11.2a 10.9a 9.4ab 9.3ab 8.1b
p-Thiocyanatophenol 11.2a 9.7a 9.4b 6.8¢ 0.8d
Mixture” 11.2a 10.3a 8.2ab 7.7.b 6.9b

“Numbers with different letters within a row refer to significant difference at 0.05 level according
to Duncan’s multiple-range test.
“The mixture of the above 10 compounds, each concentration being one tenth of those cited.

The above results clearly indicate that autotoxic and allelopathic com-
pounds were accumulated in the nutrient solutions for cucumber, especially at
the reproductive stage of growth. However, as shown in Figures 4 and 5, we
identified only some of compounds involved in NF and AF, and most of them



30 Yu AND MATSUL

remained to be identified. The identified compounds were less than 5% by
weight of the collected exudates. Furthermore, the fractions might contain non-
volatile compounds that could not be detected by gas chromatography. Thus, it
is reasonable to consider that not only the identified but also unidentified com-
pounds are responsible for the phytotoxicity of the fractions. It is also possible
that the effect of the phytotoxic compounds is additive, synergistic, or antago-
nistic (Leather and Einhellig, 1986; Rice, 1984). It is important to examine the
effect of mixed compounds on the growth of cucumber plants. These problems
remain to be solved.
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Abstract—An isolate of Aspergillus niger (designated PD-42) was evaluated
in laboratory, greenhouse, and field trials for efficacy in controlling plant-
parasitic nematodes. In greenhouse experiments, PD-42 drenches containing
spores of PD-42 on oatmeal significantly reduced galling on tomato due to
root-knot nematode as compared to untreated controls. In a one-half acre field
experiment, PD-42 incorporated in seed coats was associated with signifi-
cantly increased yield and decreased root-knot galling on pepper. In a second
one-half acre field experiment, PD-42 drenches significantly reduced tomato
and pepper root galling due to Meloidogyne incognita, and nonsignificant yield
increases occurred. In each field experiment, treatment with PD-42 reduced
Rotylenchulus reniformis populations. The nematicidal components of the A.
niger culture filtrates include citric acid, oxalic acid, and undetermined mol-
ecules larger than 8000 MW.

Key Words—Aspergillus niger, biological control, plant-parasitic nematodes,
Meloidogyne incognita, nematicidal activity, Caenorhabditis elegans, Roty-
lenchulus reniformis.

INTRODUCTION

An early observation of toxicity of Aspergillus to nematodes was made by Haven
Metcalf (1903). In this paper, which, to our knowledge, also records the first
successful atternpt to produce an axenic culture of nematodes, Metcalf describes
the lethal effect of a black-spored Aspergillus on Rhabditis brevispina (Claus)
Butschli. He wrote ‘‘No investigation was made of the by-products of this
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Aspergillus, which are probably poison. Might not the line of investigation here
suggested be fruitful if followed out with reference to certain pathogenic nema-
todes?’” Later, other references to the nematicidal affects of Aspergillus and its
filtrates appeared, among them reports by Murad (1966), Mankau (1969), Alam
et al. (1973), and Khan et al. (1981).

The chinampa agricultural soils of Mexico contained organisms that exert
a suppressive effect on plant-pathogenic fungi (Lumsden et al., 1987) and plant-
parasitic nematodes (Zuckerman et al., 1989). The predominant nematicidal
fungi from these soils were species of Aspergillus which, in agar culture, pro-
duced green, yellow, black, or brown spores. Of these, the most toxic isolate
was identified by M. Bigelow, University of Massachusetts, as a strain of Asper-
gillus niger van Tieghem (coded PD-42). The current paper reports on labora-
tory, greenhouse, and field studies to examine the nematicidal properties of this
A. niger isolate on plant-parasitic nernatodes.

METHODS AND MATERIALS

Organisms. The A. niger strain in these experiments produces black spores
and is referred to by its coded designation PD-42. PD-42 was the most abundant
fungus encountered from the chinampa agricultural soils (Zuckerman et al.,
1989). Nematicidal Aspergillus with green, brown, or yellow spores were also
frequently isolated, but PD-42 showed the highest activity against plant nema-
todes in greenhouse tests and was selected for further study. PD-42 was main-
tained in cryopreservation buffer at —80°C and under liquid nitrogen. When
required for experiments, it was grown on potato dextrose agar (PDA) or in
potato dextrose broth (PDB).

Meloidogyne incognita (Kofoid and White) race 3 was obtained from Dr.
M. McClure, University of Arizona, Tucson, and was maintained on tomato
{Lycopersicon esculentum L.) cv. Rutgers in the greenhouse. Inoculum for
greenhouse experiments consisted of eggs obtained by the method of Hussey
and Barker (1973).

The free-living nematode Caenorhabditis elegans Dougherty and Calhoun
for in vitro studies of nematicidal activity were cultured axenically at 22°C on
heme medium (McClure and Zuckerman, 1982). Tomato cv. Floradade and
pepper (Capsicum frutescens L.) cv. Cubanelle were used in the field trials.

Laboratory Assays for Nematicidal Activity. The nematicidal activity of
PD-42 was first observed in an assay in which C. elegans was placed in prox-
imate contact with the fungus in an agar plate (Zuckerman et al., 1989). This
procedure was followed by a similar in vitro assays of the effect on second stage
larvae of M. incognita. The criterion for high nematicidal activity was death of
the worms within 24 hr. Culture filtrates of A. niger, or the acid components
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of these filtrates, in Falcon multiwell tissue culture plates (24 wells) were also
used to measure toxicity against C. elegans.

Greenhouse Trials. PD-42 was applied to pots in greenhouse trials on
infested oatmeal, as a drench of a liquid shake culture, as a spore suspension,
or as a seed coat (Townshend et al., 1989). Six experiments were run utilizing
the several methods of inoculum preparation. Since all gave approximately the
same results, only two representative trials are reported (Tables 1 and 2). The
drench application was prepared as follows: each culture was initiated with a
5-mm plug taken from a culture of PD-42 grown on PDA at 25°C, then grown
in 50 ml PDB in a 250-ml Erlenmeyer flask on a rotary shaker at ambient room
temperature for seven days. Applications were at a concentration of 1 X 10°-°
colony forming units (CFU/ml water/50 mi/plant. The first trial contained PDB
medium alone as a control. The medium control showed no significant effect
on plant growth or gall formation due to M. incognita on tomato. Therefore this
control was not included in succeeding experiments.

QOatmeal cultures were prepared by autoclaving 25 g oatmeal in a 250-ml
Erlenmeyer flask for 20 min at 120°C. The cultures were allowed to cool and
then inoculated with 15 ml sterile, distilled water containing a 5-mm plug of
PD-42 from a PDA culture. The flasks were inoculated at 25°C for seven days
and shaken by hand daily to ensure even colonization of the oatmeal. For the
greenhouse trial, each pot received 25 g of oatmeal-fungus culture or oatmeal
alone, as appropriate (Table 2).

Tomato seedlings, L. esculentum cv. Rutgers, were grown in a mixture of
one part washed sand to one part sterilized soil. A 2 to 3-week-old tomato
seedling was transplanted into each pot and allowed to grow one week before
the PD-42 drench was applied. After seven days, 5000 M. incognita eggs were
added to a 1/2-in.-deep hole made in the soil of each pot. There were five
replicates per treatment. Pots were arranged on a greenhouse bench as a ran-

TaBLE 1. GREENHOUSE TRIAL EVALUATING EFFECTS OF Aspergillus nige DRENCH ON
GaLL ForRMATION CAUSED BY Meloidogyne incognita (MI) AND GROWTH OF
RuUTGERS TOMATO?

Fresh Fresh
Treatment shoot wt (g) root wt (g) Galls/plant Control (%)
MlI-infested control 299 + 4.5a 7.1 + 1.4a 384 4 34a
Ml + A. niger drench 40.3 + 7.4b 16.8 + 1.8b 158 + 80b 60

“Each treatment replicated five times. Numbers followed by different letters differ at P = 0.05.
Means separated by ¢ tests (Minitab).
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TaBLE 2. GREENHOUSE TRIAL EVALUATION OF EFFECTS OF Aspergillus niger GROWN
ON OATMEAL ON (GaLL FORMATION CAUSED BY Meloidogyne incognita (MI) AND
GROWTH OF RUTGERS TOMATO"

Treatment Fresh shoot wt (g)  Fresh root wt (g) Galls/plant Control (5)

Oatmeal

control (25 g) 168.5 + 13.2a 36.8 + 5.82
Oatmeal + A. niger

258 196.3 + 21.0b 49.1 + 7.9
Mi-infested control 132.5 + 18.6¢c 37.6 + 3.5a 122.6 + 17.5a 0
MI + A. niger

on oatmeal (25 g) 1699 £ 7.7a 373 + 14.8a 55.8 + 24.4b 55

“Data followed by different letters differ from each other significantly at P = 0.05.

domized Latin square and fertilized weekly with a 20-20-20 (N-P-K) fertilizer
(Table 1).

After six weeks, plants were harvested, their roots washed, and data taken
on the fresh weight of plant tops and roots, the dry weight of plant parts, and
the number of galls per root system. Only the fresh weight data are reported.
Data were analyzed by analysis of variance supplemented by paired 1 tests
{Minitab, Pennsylvania State University).

Field Trials. Field trials were performed at the University of Puerto Rico,
Isabela Experiment Station, Puerto Rico, where high soil populations of M.
incognita and Rhotylenchulus reniformis Linford and Oliviera occurred.

The first experiment was on pepper with PD-42 applied in a seed coat, on
rice, or as a drench. Each treatment was replicated four times, with each rep-
licate consisting of four rows of 20 ft each, for a total of 80 plants. Plants were
spaced 1 ft apart, giving 180 ft* as the size of each plot. The treatments reported
here were part of a larger experiment containing 11 treatments and 44 plots and
testing other organisms as biocontrol agents. Seedlings from seeds coated with
PD-42 were transplanted directly to the field. Where rice was the carrier, 50 g
of rice containing the biocontrol agent was placed in each hole at the time of
planting.

One method of application was by seed coat (Table 3). Methyl cellulose
seed coats were prepared by the methods of Townshend et al. (1989). Three
coated pepper (Capsicum annuum cv. Cubanelle) seeds were planted in a 2-in.
pot containing heat-sterilized coto clay (72.5% clay, 21.1% sand, and 6.4%
silt) taken from the field plot site, thinned to one plant after germination, and
transplanted to the field at three to four weeks.

PD-42 was also applied on a rice carrier. Long grain rice (unhulled, organ-
ically grown) was boiled for 3 min, drained, and 200 g transferred to quart-size
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TaBLE 3. FIELD EVALUATION OF Aspergillus niger AND Bacillus thuringiensis iN
CONTROLLING ROOT-KNOT OF PEPPER, UNIVERSITY OF PUERTO RICO, ISABELA
EXPERIMENT STATION’

Yield/20 Root-knot
Treatment” plant plot (Kg) gall index
A. niger seed coat + drench 16.1 + 4.2b 0.5¢
A. niger on rice 6.8 + 3.3c 1.1b
Rice alone (control) 7.8 + 1.5b 0.7bc
A. niger + CR-371 (drench) 15.3 + 0.9 1.0bc
Untreated control 11.4 + 2.0c 2.1a
Fenamiphos 19.3 + 2.6a 0.4¢c
“Each treatment contained four replicate plots. CR-371 = nematicidal strain of Baciflus thurin-

giensis. Numbers followed by different letters differ at P = 0.05.
» All PD-42 treated plots received a second application of PD-42 drench four weeks later.

Mason jars and autoclaved for 30 min at 121°C. Each jar was inoculated with
PD-42 from a PDA culture and incubated at room temperature in the dark with
vigorous agitation by hand for 5 min daily for seven days. The contents of the
Mason jars were then spread on aluminum foil, covered with newspaper, and
allowed to dry for 48 hr. Dried inoculum was weighed into plastic bags and
stored at 4°C until use.

A combination of two biocontrol organisms was also applied as a drench,
specifically PD-42 and CR-371 (Table 3), the latter being a nematicidal Bacillus
thuringiensis, which was previously described by Zuckerman et al. (1993).

The drench application in this trial varied from that in the second trial
(Table 3) in that each plant received 50 ml of the organism at a concentration
of 1 x 10°°® CFU/ml in PDB culture medium applied directly in the hole made
at the time of planting. Plants in the control plots each received 50 ml PDB. A
PD-42 drench was applied twice at 30-day intervals to all plots that received
either PD-42 or a combination of PD-42 and CR-371. The nematicide plots
were treated once with fenamiphos (15 A.L) at the rate of 7.92 g/row of 20
plants. Peppers were harvested five times. Nematode population estimates were
obtained using a combined sieving and Baermann funnel extraction (Barker and
Niblack, 1990). R. reniformis populations were counted in all soil samples.
Nematode soil populations were sampled three times: at planting, 30 days later,
and at 60 days. Damage from root-knot nematode was evaluated by a gall index
as follows: 0 = no galls or egg masses, 1 = 1-25 galls or egg masses per
plant, 2 = 26-50, 3 = 51-75, 4 = 76-99, 5 = 100 plus. In each trial, 20
plants/replicate were pulled after harvest and assigned a gall index. Twenty-five
soil samples also were analyzed for the presence of black-spored aspergiili at
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the termination of each experiment using the same procedures described for soil
sampling by Zuckerman et al. (1989), except that the only media employed
were 3% potato dextrose agar or 2% Bacto-agar each with 0.3% streptomycin
sulfate added.

The same protocol was followed in trial 2 (Table 4) with several exceptions.
Host plants in this experiment were pepper cv. Cubanelle and tomato cv. Flor-
adade. Liquid cultures for drench application were initiated by growing a 5-mm
plug of PD-42 in 1 liter PDB for five days, adding this to 10 liters PDB held
in a 14-liter Chemap Fermenter and fermenting for 24 hr to a final concentration
of 1 x 10°° CFU/ml. Prior to shipping, the inoculum was concentrated by
centrifugation and the supernatant PDB medium removed. Fermentations were
performed in Massachusetts. The concentrated inoculum was packed in 500-mi
containers and shipped on ice to Puerto Rico by overnight carrier. The inoculum
was brought up to concentration in the field by the addition of water, and applied
at 50 ml PD-42 drench per plant. Controls were untreated and fenamiphos treated
plots. During the first period of the 12-week experiment, PD-42 was applied
four times at two-week intervals. In this trial, there were 40 tomato plants and
40 pepper plants in each plot, with a total of 160 tomato plants and 160 pepper
plants on four plots for each treatment. The total yield from three weekly tomato
harvests and five weekly pepper harvests were combined for analysis (Table 4).
Nematode soil populations were sampled when the experiment was initiated,
three weeks later, six weeks later, and at 53 days (during harvest).

Characterization of Nematicidal Exometabolites. In vitro nematicidal activ-
ity of PD-42 exometabolites was evaluated in two ways. For the first, PD-42
was grown four days in PDB at room temperature on a rotary shaker at ambient
room temperature (23°-25°C). Culture extracts were then centrifuged at 10,000g

TasLE 4. EFFECTS OF A. niger ON YIELD AND GALL FORMATION CAUSED BY Meloidogyne
incognita on TomaTO AND PEPPER 1N FIELD TRIAL, UNIVERSITY OF PUERTO Rico,
IsaBELA EXPERIMENT STATION'

Tomato Pepper
Yield Yield
over over
control Gall control Gall
Treatment Yield (kg) (%) index Yield (kg) (%) index
Untreated control 114.8 + 10.6a 43 4 36a 183 + 1.4a 0.92 + 0.6a
Fenamiphos 1332 + 9.3a 16 445 4+ 22a 194 + 4.3a 6 0.75 4+ 0.6a
A. niger drench 125.2 + 6.7a 9 05+ 1.1b 219 +£2.3a 19 0.63 + 0.6b

“Each treatment replicated four times. Numbers followed by different letters differ at P = 0.05.
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for 1 min, the supernatant removed, and passed through a sterile 0.22-um filter.
Thermostability of the extract was tested first by boiling the culture filtrate (CF)
for 5 min and then bioassaying against C. elegans to evaluate loss or retention
of nematicidal activity. Second, CF was dialyzed against Spectrophor membrane
tubing {6000-8000 molecular weight cutoff), and the fraction remaining within
the tubing evaluated for nematicidal activity as described below.

The C. elegans test for nematicidal activity proceeded as follows: 2.5 ml
of CF were placed in a well in a sterile, multiwell plate at a concentration of
one part filtrate to one part liver extract medium (HLE) prepared as described
by Sayre et al. (1963). Further concentrations of the extract tested were two
parts CF to one part HLE, four parts CF to one part HLE, and eight parts CF
to one part HLE (Table 5). Since HLE was diluted by CF as increasing con-
centrations of filtrate were tested and this factor had an effect on C. elegans
growth and mobility, a series with HLE dilutions without PD-42 filtrate were
run as a control. For the toxicity assay, one drop of a 7-day-old mixed popu-

TaBLE 5. ErrFECT OF Aspergillus niger CULTURE FILTRATE ON Caenorhabditis elegans®

Time
Liver extract
Treatment” dilution 15 min 1 hr 3hr 24 hr
Potato-dextrose broth (PDB) 1 + + + +
1:2 + + + +
1:4 + + + +
1:8 + + + +
4-day-old cuiture in 50 mi PDB, 101 + + + +
centrifuge 1 min, test 1:2 + + +/~ =+
supernatant 1:4 + -+ - -
1:8 + =+ - -
4-day-old culture, centrifuge 1:1 + + + +
1 min, sterile filter 1:2 + + +/- +/—
1:4 + —/+ -+ -+
1:8 + ~i+ A -i+
4-day-old culture, filter Whatman i1 + + + +/-
No. I, test 1:2 + + +/— —
1:4 + +/— /4 -
i:8 + +/— - -
4-day-old culture, filter Whatman 1:1 +/ = +/- +/ = +/—
No. 1, boiled 5 min 1:2 /- +/— - -
i:4 - - - -
1:8 - - - -
“Key: + = vigorous movement; +/— = 50% dead; —/+ = 75% dead; — = 100% dead.

#Each dilution was replicated four times.
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lation, axenic C. elegans was added to each well (50-100 worms). Observations
on toxicity were taken at 15 min, 1 hr, 3 hr, and 24 hr. The rating scale was:
+ = vigorous movement; -+/— = 50% immobile; —/+ = 75% immobile;
and — = 100% immobile. Observations over longer time periods showed that
immobile nematodes were dead.

High-Pressure Liquid Chromatographic (HPLC) Analysis. Sterile CF from
2-, 4-, 6-, and 8-day-cultures, were prepared as previously described and ana-
lyzed by HPLC on a Hewlett Packard 1090 analyzer. A Bio-Rad HPX-87H
cation exchange column with a 5-cm guard column containing the same resin
was used. The eluent was 0.005 N sulfuric acid at a flow rate of 0.7 ml/min.
The UV detector setting was 210 nm. The system was run at ambient room
temperature.

The HPLC analysis revealed large amounts of citric and oxalic acids in the
CF; therefore, a second series was run on the nematicidal effects of pH and
these two organic acids on C. elegans. One-milliliter samples of several con-
centrations of oxalic and/or citric acid were applied to water agar plates and 0.1
ml of a 7-day-old axenic C. elegans culture added. Bioassays were conducted
at room temperature and plates analyzed at three days for C. elegans viability.
Controls were sterile distilled water, PDB, and filter sterilized PD-42 extracts
from 2-, 4-, and 6-day-old cultures (Table 6).

RESULTS

Greenhouse Trials. PD-42 drench applied to tomato in the greenhouse gave
60% control of galling caused by M. incognita. A PDB control was not included
in this trial since previous tests showed that the PDB medium did not effect
growth of tomato. In this trial, PD-42 treatment was associated with a signifi-
cant enhancement of tomato growth and a significant reduction in root galling
(Table 1).

PD-42 applied on an oatmeal carrier gave 55% control of root-knot galling
(Table 2). The oatmeal significantly (P = 0.05) enhanced tomato shoot growth
(Table 2).

Field Trials. In the first field trial at the Isabela Experiment Station (Table
3), significant control of root-knot galling by M. incognita (P = 0.05) was a
significant increase in yield (P = 0.05) occurred in the combinations where
PD-42 was applied as a drench and seed coat, but not when applied with rice
as a carrier. The rice carrier was phytotoxic at the rate applied, as indicated by
the lesser growth in the rice control. Rice also depressed galling; this probably
was associated with the high concentration of nitrogen that the carrier introduced
into the rhizosphere.

A significant reduction in tomato root galling due to M. incognito (P =



NEMATICIDAL Aspergillus niger 41

TABLE 6. EFFECTS OF Aspergillus niger CULTURE FILTRATE (CF) AnD/OR CITRIC AND
OxaLIC AcID ON VIABILITY OF C. elegans”

Treatment Viability”
Sterile distilled water +
Potato-dextrose broth +
CF
2-day-old culture +

4-day-old culture -
6-day-old culture -
Oxalic acid
8 gfliter +
10 gfliter -
12 glliter -
16 g/liter -
Citric acid
8 glliter
10 g/liter
12 gfliter
16 g/liter
Oxalic acid
2 gfliter + citric acid 2 g/liter
4 gfliter + citric acid 4 g/liter
8 gfliter + citric acid 8 g/liter -

+ 4+ o+

+

t

“Readings taken 72 hr after initiation of assay.
*+ = mostly live — = all dead; four replicates for each treatment.

0.05) occurred as compared to untreated control plants in the second field trial
(Table 4). The failure of fenamiphos to control root-knot was unexplained. There
were no significant differences in yield, although both the biological and chem-
ical nematicide showed mathematical yield increases. The incidence of root galls
was very low on pepper. However, PD-42-treated plants showed significant
reductions in galling (P = 0.05) as compared to untreated plants. Yield results
were similar to those on tomato: slight increases but no significant differences.
At the last soil sampling of the second field trial, populations of R. reniformis
were 93% lower in both the PD-42 and fenamiphos plots as compared to the
untreated controls. At the last soil sampling of the first experiment, reductions
in R. reniformis as compared to untreated controls were 30% in fenamiphos-
treated plots, 20% for PD-42 seed coat + CR-371 drench, and 57% for PD-42
alone. The differences were not statistically significant due to variations between
replicate plots.

Sixty days after treatment, a black-spored A. niger was recovered from
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PD-42-treated plots, but not from untreated plots. It was not determined if this
isolate was the same strain as that inoculated.

Culture Filtrate Studies. Dialysis studies indicated that molecules in CF
larger than 8000 MW killed C. elegans within 10 min and M. incognita second-
stage larvae in 60 min. CF retained nematicidal activity against both species
after boiling for 5 min.

Low concentrations of CF were generally not toxic to C. elegans, but at
higher concentrations 75-100% mortality occurred within 3 hr (Table 5).

Combining bioassay and HPLC analysis, 8-day-old CF showed nematicidal
activity at mean oxalic acid residues of 6.1 g/liter and citric acid of 0.9 g/liter.
When pH of the medium was adjusted, no effect on nematode viability occurred
in the range pH 2-9. The nematicidal principal in CF appeared after four days
in culture. Exposure of C. elegans to prepared concentrations of oxalic and citric
acids showed no nematicidal effect of oxalic acid at 12 g/liter, but toxicity at
16 g/liter C. elegans tolerated citric acid concentrations of 16 g/liter. However,
concentrations of 4 g oxalic acid and 4 g citric acid combined were nematicidal
(Table 6), demonstrating a synergistic action between the two compounds.

These results indicate that the PD-42 culture filtrate contains a2 number of
nematicidal molecules, of size both smaller and larger than 8000 MW.

DISCUSSION

These studies indicate that A. niger strain PD-42 has potential as a commercial
biological control agent for plant-parasitic nematodes. While recognizing that
aspergilli are reported as pathogenic to humans (Wyllie and Morehouse, 1978},
options exist for safe delivery to the host rhizosphere. Several reports on the
toxicity of microbial exometabolites to nematodes are reviewed by Sayre and
Starr (1988). Oxalic acid was previously reported as being an exometabolite of
a nematicidal A. niger (Mankau, 1969). Mankau (1969) also noted the ther-
mostability of the A. niger toxic principal and its nematicidal action both in
vitro and in the soil against Aphelenchus avenae Bastian,

A novel finding in the current study is that both oxalic and citric acids are
partial determinants of the nematicidal activity and, more importantly, that syn-
ergism between these two acids is an important factor in explaining the mode
of action of PD-42 nematoxicity. This was shown in studies in which neither
citric nor oxalic acid killed C. elegans at concentrations of these acids produced
in shake culture, but that combinations of lower concentrations of the acids were
lethal. The current report also is the first on quantifying oxalic and citric acid
levels in A. niger CF. The dialysis study indicated that nematicidal components
greater than 8000 MW are also present in the A. niger CF.
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Abstract—Under a 16:8 hr light-dark photoperiod and 20°C constant tem-
perature, the titers of (Z)-11-tetradecenyl acetate (Z11-14: Ac), (E)-11-tetra-
decenyl acetate (E11-14: Ac) and (Z)-11-tetradecenol (Z11-14: OH) produced
by different-aged Choristoneura rosaceana virgin females varied significantly
during the scotophase, with the maximum titer occurring before the onset of
calling in day-0 and day-3 females, while in day-5 females the titer remained
constant throughout the calling period. There was a significant decrease in the
titer of all pheromone components with age, explaining the lesser attractive-
ness of day-5 females relative to day-0 and day-3 females observed in the
field. Under a cold thermocycle simuiating condition during the second flight
period in the fall, the titers of all pheromone components did not vary with
time of day. There was a significant decrease in the amount of Z11-14: Ac
with age but no changes occurred in the minor components. Furthermore, for
any given age tested, the amount of each component produced during the
period of maximal calling activity remained relatively similar at the two tem-
perature regimes. However, as with the expression of calling behavior, pher-
omone production was initiated earlier at cooler than at warmer temperatures.
At both temperature regimes, female age and time of day influenced the ratio
of each pheromone component. These results are discussed in relation to the
hypothesis that by calling earlier, less attractive older females may increase
their probability of mating.

Key Words—Pheromone titer, (Z)- and (E)-11-tetradecenyl acetate, (Z)-11-
tetradecenol, age, time of day, constant and fluctuating temperature,

*To whom correspondence should be addressed.

45

0098-0331/94/0100-0045807.00/0 © 1994 Plenum Publishing Corporation



46 DELISLE AND ROYER

Choristoneura rosaceana, oblique-banded leafroller, Lepidoptera, Tortrici-
dae.

INTRODUCTION

It has been suggested that the advance in the onset time of calling as females
age is an adaptation that permits older individuals in several species of Lepi-
doptera to increase their probability of attracting mates before younger females
start calling (Swier et al., 1977; Turgeon and McNeil, 1982; Webster and Cardé,
1982). Similarly, the earlier onset of calling in response to decreasing ambient
temperatures has been interpreted as an adaptation permitting females of all ages
to attract mates before temperatures fall below a level that inhibits male flight
activity (Cardé et al., 1975; Webster and Cardé, 1982; Turgeon and McNeil,
1983; Delisle and McNeil, 1987a, b).

Delisle (1992a) reported such age- and temperature-related changes in the
onset time of calling of the oblique-banded leafroller (OBL), Choristoneura
rosaceana (Harris), a bivoltine species in eastern Canada (Delisle, 1992b).
However, whether or not these behavioral changes afford any reproductive
advantage to older OBL females was further examined by comparing the relative
attractiveness of different-aged (0-, 3-, and 5-day-old) females during both flight
periods (Delisle, 1992a). Day-5S females attracted significantly fewer males than
day-0 and day-3 individuals throughout the season, suggesting that older females
may release less pheromone than younger ones. However, while the relative
attractiveness of day-0 to day-3 females remained the same in both flights, day-5
females were comparatively more attractive in the fall than in the summer.
Delisle (1992a) suggested that these results may support the hypothesis that by
calling earlier, older females avoid competition with younger females and are
particularly advantaged in the fall, when low temperatures limit male flight.
However, another explanation for the lower degree of competitiveness of younger
females in the fall is that temperature affected their pheromone production more
than that of older individuals.

In order to verify if pheromone titer in OBL was influenced by age, and if
there was a differential effect of both time and temperature on pheromone syn-
thesis by different-aged females, we undertook a series of experiments to deter-
mine the periodicity of pheromone production of 0-, 3-, and 5-day-old females
at 20°C constant temperature under a 16:8 hr light-dark photoperiod. The
experiment was also repeated under a cold thermocycle that simulated temper-
ature conditions prevailing during the fall flight.

METHODS AND MATERIALS

Moths. All females used in these experiments were obtained from an
annually restocked laboratory colony, established using field-collected pupae at
Quebec City, and maintained at 20 + 0.5°C, 65+ 1% relative humidity, under
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a 16:8 hr light-dark photoperiod. Larvae were reared on a pinto bean artificial
diet (Shorey and Hale, 1965). Upon pupation, individuals were sexed and only
females retained. At emergence, females were kept individually in 150 cm®
plastic vials with an 8% sucrose solution and held under standard colony con-
ditions until needed.

Gland Extraction and Pheromone Quantification. The titers of the major
component, (Z)-11-tetradecenyl acetate (Z11-14:Ac), as well as two minor
components, (E)-11-tetradecenyl acetate (E11-14:Ac) and (Z)-11-tetradecenol
(Z11-14:OH) (Hill and Roelofs, 1979} were determined. Quebec populations,
like those of New York (Hill and Roelofs, 1979), do not produce (Z)-11-tetra-
decenal (Z11-14:Ald), a component isolated from OBL females in the Oka-
nagan Valley, British Columbia (Vakenti et al., 1988). Prior to detailed quan-
tification, the efficiency of pheromone extraction was determined by comparing
the amount of Z11-14: Ac extracted from glands excised 2 hr after the onset of
scotophase from day-1 females. Individual glands were soaked in 20 pl of
hexane, containing 1.5 ng of dodecanoic acid methyl ester (C,3H,c0,) as an
internal standard, for 0.5, 1, 5, 10, 15, 20, 25, and 30 min. The titer of Z11-
14: Ac did not vary significantly when extraction times exceeded 20 min. How-
ever, when glands were soaked > 20 min, extraneous compounds were observed,
50 20 min was chosen as the period of extraction.

To assess the effect of age, time of day, and temperature on the OBL
pheromone titer, individual glands of 0-, 3-, and 5-day-old virgin females, held
at 20°C constant temperature, were excised at —1, 0, 1, 2, and 3 hr, with O hr
being the onset of the scotophase. As previously reported by Delisle (1992a),
the mean onset time of calling (MOTC) of 0-, 3-, and 5-day-old females at
20°C constant temperature occurred 2.1, 0.9, and 0.7 hr after the onset of
scotophase, respectively. The pheromone titer of similar-aged females was also
quantified under a thermocycle (17°-9°C; X = 14.9°C) reflecting conditions
during a cool summer or a fall night. Females were kept at 20°C constant
temperature and at the appropriate age were transferred to the thermocycle 5 hr
before lights-off on the day the pheromone titer was determined. At the time of
transfer, the temperature was 17.5°C and decreased to 17.0, 16.5, 16.0, 14.5,
and 13.0°C during the next 5 hr, respectively. Pheromone glands were excised
at —2, —1, and O hr of the scotophase, coinciding with the period during which
calling is initiated by the different-aged females under this thermocycle (Delisle,
1992a). The pheromone titer was not determined after the onset of scotophase
as, based on the reduced male flight activity and the low incidence of matings
observed at these temperatures in the field (Delisle, personal observations), it
was unlikely that OBL females would attract mates at temperatures below 13°C,
even though calling can be expressed under such conditions (Delisle, 1992a).
As previous temperature conditions may affect some aspects of calling ecology
(Baker and Cardé, 1979; Delisle and McNeil, 1987a), all females were precon-
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ditioned under the same photoperiod and temperature prior to testing to allow
direct comparisons of the effect of different ambient temperatures on pheromone
production.

For each pheromone gland extract, 5 ul were injected onto a fused silica
capillary column, SP 2340 (30 m X 0.32 mm ID), in a 5890 HP gas chro-
matograph, equipped with a flame ionization detector (FID) and an HP-3393A
integrator. The column temperature program was: 110°C for 30 sec, increased
to 160°C at 6°C/min, held at 160°C for 15 sec, increased to 230°C at 15°C/
min, and then held for 15 sec. The detector was at 300°C while the splitless
injector was at 205°C. Hydrogen was used as the carrier gas, at a flow rate of
1 ml/min. The retention times of the internal standard and the three pheromone
components, E11-14: Ac, Z11-14: Ac and Z11-14: OH were 2.57, 6.08, 7.15,
and 8.36 min, respectively. For each age category, under both temperature
regimes, a minimum of 20 pheromone glands were excised per time point.

Statistical Analyses. Each value of Z11-14: Ac and E11-14: Ac (expressed
in nanograms) was raised to the power 0.4 while the naperian logarithm of each
value of Z11-14:0OH, In (Z11-14:OH + 0.01) was used to normalize the data
and stabilize the variance (homoscedasticity). Similarly, each value of the rel-
ative proportion of Z11-14: Ac, E11-14: Ac, and Z11-14 : OH was transformed
using: (1) In (1.01 — proportion of Z11-14:Ac), (2) In (proportion of E11-
14: Ac + 0.01), and (3) In (proportion of Z11-14:OH + 0.001), respectively.
Transformed data were analyzed separately for each temperature regime, using
an analysis of variance. In addition, orthogonal contrasts (Snedecor and Coch-
ran, 1967) were performed to test for differences in the mean level of pheromone
(least square means: adjusted means) as a function of age (three levels: 0, 3,
and 5 days), time of day (five levels at 20°C: —1, 0, 1, 2, 3 hr and three levels
under the cold thermocycle: —2, —1, 0 hr) and the interaction between the two
factors. Additional contrasts were also carried out to assess the trend (linear,
quadratic, cubic, or quartic) of each source of variation. Polynomial equations
that best described the relationship between pheromone titer, female age, and
time of day were determined and used to generate the response surfaces of each
component as well as their relative proportion. In the calculation of these equa-
tions, the time values —1, 0, 1, 2, 3 and ~2, —1, 0 were replaced by 1400,
1500, 1600, 1700, 1800, and 1300, 1400, 1500, respectively, which coincided
with eastern standard time. Lights-off occurred at 1500 hr. All statistical analyses
were performed using the GLM procedure of SAS/Stat (SAS Institute, 1990).

RESULTS

At 20°C, the titers of Z11-14:Ac and E11-14: Ac were generally low
prior to lights-off but increased and reached a peak in the first or second hour
of the scotophase (Table 1). These temporal variations were highly significant
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TABLE 2. MEAN SQUARE (MS) VALUES AND LEVEL OF SIGNIFICANCE (P) ASSOCIATED
wITH EACH ORTHOGONAL CONTRAST USED TO TEST FOR DIFFERENCES IN TiTER OF Z-
AND E11-14: Ac aNp Z11-14: OH ProbuceD BY Choristoneura rosaceana VIRGIN
FEMALES UNDER 16: 8 Hr LiGHT-DARK PHOTOPERIOD AT 20°C CONSTANT
TEMPERATURE OR UNDER CooOL THERMOCYCLE, IN RESPONSE TO AGE (4),

TIME DURING PHOTOPERIOD (T), AND INTERACTION BETWEEN THE Two (4AT)

Z11-14:Ac El1-14: Ac Z11-14:0H
Source of variation df MS P MS P MS P
20°C constant temperature
Time 4 14.447  0.0001 1.431  0.0006 32.565  0.0001
Linear (T) 1 9.653  0.0419 1.287  0.0342  121.950  0.0001
Quadratic (7% 1 37.473  0.0001 4.129  0.0002 0.007  0.9616
Cubic (T?) 1 5.036  0.1412 0.085  0.5850 7.500  0.1090
Quartic (T i 5.625  0.1200 0.224  0.3754 0.542  0.6658
Age 2 61.283  0.000t 8,030  0.0001 63.208  0.0001
Linear (4) 1 107.880  0.0001  15.000  0.0001 91.517  0.0001
Quadratic (4% 1 14.686  0.0122 1.073  0.0530 36.119  0.0005
Age * time 8 5726  0.0124 0.594  0.0359 3.781  0.2416
AT i 9.763  0.0407 0.621  0.1409 9.887  0.0659
AT? 1 26.807  0.0007 2.594  0.0027 0.296  0.7497
AT? 1 0.081  0.8519 0.014  0.8264 4123 0.2342
AT? 1 1.580  0.4095 0.081  0.5955 0.549  0.6637
AT 1 1.178  0.4765 0.161  0.4530 7.894  0.1001
AT? 1 0.677  0.5892 0.587  0.1521 5.137  0.1843
AT? 1 0.489  0.6463 0.338  0.2770 0242  0.7729
AT i 5.234  0.1336 0.358  0.2634 2775  0.3289
Error [V 510 2.319 0.285 2.901
Cool thermocycle
Time 2 0.417  0.7348 0.012  0.9383 1.754  0.5929
Linear (T) i 0.051  0.8640 0.011  0.8084 0.001  0.9851
Quadratic (7% I 0.785  0.4999 0.013  0.7945 3.496  0.3086
Age 2 32.567  0.0001 0.119  0.5397 2.993 04112
Linear (4) 1 53.471  0.0001 0.176  0.3395 5467  0.2036
Quadratic (4% 1 11.731  0.0095 0.061  0.5726 0.979 05893
Age * time 4 2.099  0.3024 0.152 0.5316 2.611  0.5391
AT 1 0.740  0.5125 0.007  0.8489 1.043 05773
AT? 1 0203  0.7313 0.052  0.6025 5.294  0.2109
AT 1 1.850  0.3003 0.211  0.2960 2914  0.3524
AT? 1 5.557 0.0734 0.336  0.1874 0.381  0.7363

Error IV 269 1.720 0.192 3.335
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for both acetate components (Table 2). Furthermore, the titers of both acetates
varied with female age, particularly during the period of maximal pheromone
production (Table 1), with younger females producing significantly more Z11-
14:Ac and E11-14: Ac than older ones (Table 2). However, there was a sig-
nificant interaction between age and time for both components (Table 2}, indi-
cating that the temporal pattern described above was not typical of all OBL
females. The titers of both acetates produced by day-5 females remained rela-
tively constant throughout the 5-hr period compared with those produced by
day-0 and day-3 females (Table 1), which could explain the significant inter-
action.

Temporal changes in the titer of Z11-14:OH were also noted (Table 1),
with the production increasing linearly as the night progressed (Table 2). Fur-
thermore, as observed with respect to the two acetate components, female age
had a significant effect on the titer of Z11-14:OH (Table 2), with younger
females producing more alcohol than older ones. The best model that described
the relationship between titer in nanograms (¥), time of day (T), and female
age (A) for each acetate, as well as the alcohol component, was expressed by
the following polynomial equations

Yoiiia.ac = (—84.0304 + 10.9383 T — 0.3349 T2 + 17.5113 4

—~ 0.0595 A% — 2.1499 AT + 0.0657 AT***
P 1aac = (269178 + 3.4754 T — 0.1075 T? + 5.1883 A4

— 0.0161 4> — 0.6542 AT + 0.0204 AT
Pyiiia:0n = exp (—=9.7615 + 0.4623 T + 0.3461 A — 0.127 A%) — 0.01

and served to generate the response surfaces shown in Figure 1A-C, respec-
tively.

Given these differences, one would expect the relative proportion of each
pheromone component to vary with time and age. As seen in Tables 3 and 4,
there was a significant linear decline in the proportion of present Z11-14:Ac
with time during the scotophase, and older females produced relatively more
Z11-14: Ac (~0.99) than younger individuals ( ~0.96) at any given hour. There
was no significant interaction between the two factors. The proportion of E11-
14 : Ac remained constant during the 5-hr period but, as expected, it decreased
significantly from 0.02 to 0.003 with age. In contrast, the relative proportion
of Z11-14: OH increased linearly with time and younger females produced more
Z11-14:0OH (~0.003) than older ones (~0.001). However, there was signif-
icant interaction between age and time with respect to the proportion of Z11-
14:0H in the pheromone blend (Table 4). The best relationship between age
and time on the relative proportion of each OBL pheromone component is
described by the following polynomial equations,
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TABLE 4. MEAN SQUARE (MS) VALUES AND LEVEL OF SIGNIFICANCE (P) ASSOCIATED
WITH EACH ORTHOGONAL CONTRAST USED TO TEST FOR DIFFERENCES IN PROPORTIONS
oF Z aND E11-14: Ac aND Z11-14: OH PrODUCED BY Choristoneura rosaceana
VIRGIN FEMALES UNDER 16: 8 HR LIGHT-DARK PHOTOPERIOD AT 20°C CONSTANT
TEMPERATURE OR UNDER C0OL THERMOCYCLE IN RESPONSE TO AGE (4), TIME DURING
PHOTOPERIOD (T} AND INTERACTION BETWEEN THE Two (AT)

Z11-14: Ac Ell-14: Ac Z11-14:CH
Source of variation df MS P MS P MS P
20°C constant temperature
Time 4 0.747 0.1702 0.910 0.7244 14.154 0.0001
Linear (T') 1 2.834 0.0139 2.418 0.2429 50.088 0.0001
Quadratic (T%) 1 0.008 0.8924 1.060 0.4391 2.247 0.1945
Cubic (T% 1 0.127 0.6006 0.014 0.9301 3.906 0.0875
Quartic (T% 1 0.019 0.8398 0.030 0.8965 0.878 0.4169
Age 2 16.512 0.0001 59.868 0.0001 21.043 0.0001
Linear (4) 1 32.456 0.0001 117.017 0.0001 32.322 0.0001
Quadratic (4%) 1 0.665 0.2313 3.115 0.1853 10.147 0.0061
Age * time 8 0.399 0.5487 1.488 0.5853 1.748 0.2353
AT 1 0.073 0.6914 0.163 0.7618 2.843 0.1447
AT? 1 0.157 0.5607 2.286 0.2562 1.784 0.2475
AT? 1 0.528 0.2862 1.933 0.2963 2.058 0.2143
AT# 1 0.417 0.3430 0.850 0.4884 0.388 0.5892
AT 1 0.742 0.2062 1.542 0.3509 5.369 0.0454
AT? 1 1.200  0.1083 2.600  0.2263 1.562  0.2792
AT? 1 0.027 0.8105 0.122 0.7925 0.011 0.9293
AT 1 0.192 0.5196 2.628 0.2235 0.115 0.7684
Error IV 293 0.462 1.766 1.329
Cool thermocycle
Time 2 0.592 0.0950 0.950 0.0968 1.095 0.4880
Linear (T') 1 1.109 0.0360 1.492 0.0555 0.549 0.5487
Quadratic (7% 1 0.037 0.6976 0.298 0.3878 1.776 0.2818
Age 2 0.754 0.0509 1.642 0.0190 0.661 0.6477
Linear (4) 1 1.507 0.0150 3.152 0.0059 1.086 0.3993
Quadratic (4%) 1 0.028 0.7349 0.322 0.3700 0.366 0.6244
Age * time 4 0.518 0.0852 0.770 0.1102 1.400 0.4539
AT 1 0.000 0.9968 0.105 0.6084 0.766 0.4789
AT? i 0.139 0.4534 0.221 0.4576 1.043 0.4089
AT 1 1.975 0.0056 2.6%90 0.0107 2.093 0.2428
AT 1 0.046 0.6661 0.008 0.8860 1.311 0.3546
Error IV 100 0.245 0.397 1.515
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Yiatioof z11-1a:ac) = 1.01 — exp (—4.2492 + 0.0699 T — 0.1621 A)
Patioof E11-14: A0y = €XP (—3.7933 — 0.3078 A) — 0.001
Yomtioofzt1-14:01y = €xp (—11.0921 + 0.3484 T + 2.7968 A

— 0.6105 A2 — 0.1648 AT + 0.0340 A>T) — 0.001

and were used to produce the response surfaces shown in Figure 2A-C, respec-
tively.

Under cold thermoperiodic conditions, females of the same age produced
a similar titer of Z11-14: Ac over the 3-hr period (Table 1) but, overall, older
individuals produced significantly less than younger ones (Table 2). This was
similar to the trend observed at 20°C constant temperature. No significant inter-
action was found between age and time (Table 2), and the best model

Prriore.ne = (4.5498 + 0.1387 4 — 0.0729 42>

was used to simulate the response surface (Figure 3). It is worth noting that,
for any given age tested, the titers of Z11-14: Ac were quite comparable under
both temperature regimes (Table 1, Figures 1A and 3).

The production of E11-14: Ac, as well as Z11-14:OH, under the cold
thermocycle did not vary significantly with either age or time during the
scotophase (Tables 1 and 2). The mean titer of E11-14: Ac was ~1 ng com-
pared with 0.1 ng for the alcohol component.

There was considerable variation in the relative proportion of both acetate
components produced by the different-aged OBL females over time due to sig-
nificant interactions between factors (Tables 3 and 4) under the cool thermo-
cycle. While there was no clear pattern for Z11-14: Ac, older females produced
relatively more E11-14: Ac than younger ones. The best relationship between
time and age on the ratios of both acetate components was described using the
following polynomial equations

Yitioof z11-14: a0y = 1.01 — exp (—6.3025 + 0.2221 T + 4.0339 4

— 0.8198 4% — 0.2835 AT + 0.0586 4*T)
Fiatioof E11-14:Ac) = €XP (—5.1545 + 0.1040 T + 4.5671 A — 0.9229 A4°

— 0.3189 AT + 0.0658 A*T) — 0.001

which served to generate the response surfaces of Figure 4.
However, contrary to the situation observed at 20°C, the ratio of Z11-
14: OH did not vary with female age or time of day (Tables 3 and 4).
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Fic. 2. Predicted values of the relative proportions of Z11-14: Ac (A), E11-14: Ac (B),
and Z11-14:0H (C) of different-aged Choristoneura rosaceana virgin females at dif-
ferent hours of the 16:8 hr light-dark photoperiod at 20°C constant temperature. 0 hr
represents the onset of the scotophase.
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FiG. 3. Predicted values (ng) of Z11-14: Ac produced by different-aged Choristoneura
rosaceana virgin females at different hours of the 16:8 hr light-dark photoperiod under
a cool thermocycle. 0 hr represents the onset of the scotophase.

DISCUSSION

The present study demonstrates that younger OBL females produced more
pheromone than older ones, both at warm and cold temperatures, thereby sup-
porting the hypothesis that the greater attractiveness of day-0 and day-3 females
compared with that of day-5 individuals during both flight periods (Delisle,
1992a) was probably associated with their higher pheromone content, if the
amounts released are proportional to the amounts produced. This interpretation
is further supported by the fact that the capture of OBL males in traps baited
with the three-component pheromone blend (Z11-14:Ac, E11-14:Ac, Z11-
14:OH) increased significantly with concentration, irrespective of the flight
period (Delisle, 1992b). The decline in pheromone titer as females age has been
linked with senescence associated with increased oviposition in Helicoverpa zea
(Giebultowicz et al., 1990) and Lymantria dispar (Teal and Tumlinson, cited
in Giebultowicz et al., 1990). However, in this study, senescence could not
account for the decline observed in pheromone titer with age, as all ovipositing
females, irrespective of age, were excluded from the experiment.

The relative composition of the OBL pheromone blend varied both in time
and with age, although variation in the ratios of Z- and E11-14:Ac isomers
was relatively small (less than 10%). These results fit within the generalization
made by Ono et al. (1990) that species using geometrical isomers, such as
Argyrotaenia velutinana (Miller and Roelofs, 1980) and Pectinophora gossy-
piella (Collins and Cardé, 1985), exhibit a narrow range of ratios compared
with species such as Phthorimaea operculella (Ono et al., 1990), Agrotis sege-
tum (Lofstedt et al., 1985), and Ephestia cautella (Barrer et al., 1987) that
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Z11-14:Ac

El1-14:Ac

FiG. 4. Predicted values of the relative proportions of Z11-14: Ac (A) and E11-14: Ac
(B) of different-aged Choristoneura rosaceana virgin females at different hours of the
16:8 hr light-dark photoperiod under a cool thermocycle. O hr represents the onset of
the scotophase.

produce blends with very different compounds. The variation observed in the
pheromone blend produced by OBL females fell within the range of variation
that gave maximum male response in the field (Hill and Roelofs, 1979; Vakenti
et al., 1988; Delisle, 1992b). This is not surprising as, in the field, it has been
shown that males generally respond to a wider range of isomeric ratios (Flint
et al., 1977; Baker et al., 1988) than those produced by females, and this may
be accentuated by seasonal changes in temperature (Linn and Roelofs, 1988).
However, the presence or absence of a pheromone component generally has a
stronger influence on male attraction (Linn and Roelofs, 1983) than variation in
blend ratios. In the case of OBL, it is clear that males responded preferentially
to blends containing three pheromone components rather than the acetates only
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(Delisle, 1992b). In this context, the lower amounts of Z11-14:0H in the
pheromone blend of older females at 20°C, combined with the lower total
pheromone titer, could reasonably explain their lower ability to attract males
during the summer flight. However, under a cool thermocycle there were no
differences in the amount or proportion of Z11-14 : OH and thus does not support
the idea that seasonal changes in the relative attractiveness of older females
(Delisle, 1992a) could be attributed to the effects of age and temperature on
pheromone production. Therefore, we believe our data support the original
hypothesis that the relative increase in attractiveness of older fernales over
younger ones observed in the fall (Delisle, 1992a) is due to the significant
advance in the onset time of calling with age (Delisle, 1992a): by doing so,
older females not only avoid competition with the more attractive younger
females but also would be less affected by the limiting effect of low temperatures
on male flight activity. On the other hand, when the mating periodicity of
different-aged OBL females was examined under field conditions (Delisle,
unpublished data), the onset of calling of older females coincided with peak
foraging activity of a presently unidentified spider species that preyed on tethered
females (Delisle, personal observation). This suggests there may be a cost asso-
ciated with calling early and could explain why younger females do so later
than older individuals, irrespective of temperature conditions (Delisle, 1992a).

This model probably holds true for other Lepidoptera, such as the omniv-
orous leafroller, Platynota stultana. All P. stultana virgin females call on the
day following emergence and the onset time of calling occurs earlier on suc-
cessive nights (Webster and Cardé, 1982). Furthermore, the progressive decline
in the pheromone titer with age (Webster and Cardé, 1982) would explain the
lower attractiveness of older females (day-5 and -6) compared with younger
ones (day-2) under field conditions (AliNiazee and Stafford, 1971). However,
whether the earlier onset of calling of less attractive older females enhances
their degree of competitiveness, particularly in response to cool nights, remains
to be tested. This seems likely as under cooler conditions calling is initiated
earlier, especially in older females (Webster and Cardé, 1982). On the other
hand, this scenario does not necessarily hold for all species where it has been
shown that pheromone titer varies with age (Table 5). For example, in Plusia
chalcites, even though older females initiate calling earlier than younger ones,
pheromone production also increases with age (Snir et al., 1986).

The literature available on the diel patterns of pheromone production and
calling in Lepidoptera (Table 6) indicates that most species (15 species of 25)
show a close synchrony between the timing of calling and maximal pheromone
production. Two different asynchronous patterns have been reported in the oth-
ers: in six species, the peak of pheromone production occurs before the peak of
calling, while in two noctuids, Pseudaletia unipuncta (Delisle and McNeil,
1987a) and P. chalcites, (Snir et al., 1986) the peak of pheromone production
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TABLE 5. LEPIDOPTERAN SPECIES IN WHICH PHEROMONE TITER, DETERMINED BY GC
ANALYSIS OR MALE RESPONSE, VARIED WITH FEMALE AGE?

Age(s) of
maximal
Family production Species Reference
Arctiidae 4 Holomelina lamae Schal et al. (1987)
Gelechiidae 1 Phthorimaea operculella Ono et al. (1990)
Geometridae 3-4% Rheumaptera hastata Werer (1977)
Lymantriidae 4 Lymantria dispar Giebultowicz et al. (1992),
2-3 Tang et al. (1992)
6-8" Orgyia pseudotsugata Swaby et al. (1987)
Noctuidae 7-20* Euxoa ochrogaster Struble and Jacobson (1970)
5-8 Heliothis peltigera Dunkelblum and Kehat (1992)
3 H. virescens Mbata and Ramaswamy (1990)
2-3 Helicoverpa zea Raina et al. (1986)
7-9* Mamestra configurata Struble et al. (1975)
4 Plusia chalcites Snir et al. (1986)
2 Spodoptera littoralis Dunkelblum et al. (1987),
2 Martinez and Camps (1988)
2° S. frugiperda Sekul and Cox (1967)
6 Trichoplusia ni Bjostad et al. 1980
Pyralidae 3¢ Anagasta kithniella Traynier (1970)
1-5 Diaphania nitidalis Valles et al. 1992
1-4 Plodia interpunctella Sower and Fish (1975)
2 Sesamia nanogrioides Babilis and Mazomenos (1992)
Tortricidae 4-5 Argyrotaenia velutinana Milier and Roelofs (1977)
34 Choristoneura fumiferana Sanders and Lucuick (1972),
1-3 Morse et al. (1982),
14 Grant et al. (1982)
5° Epiphyas postvittana Lawrence and Bartell (1972)
2 Platynota stultana Webster and Cardé (1982)

“The age at which the maximal pheromone production occurred is also given.
*In these species, the age of maximal production was determined using male response.

occurs after the peak of calling. In a third noctuid, H. zea, the relationship is
far from clear as conflicting data have been presented in two papers (Raina et
al., 1986, 1991).

If one assumes that calling and pheromone biosynthesis are both circadian,
as demonstrated experimentally for P. unipuncta (Delisle and McNeil, 1987a),
then species that showed synchrony probably used the same zeitgeber for the
two processes. However, in most species that show asynchrony (Table 6), call-
ing is expressed relatively early in the scotophase, while the accumulation of
either pheromone or the precursors occurs in the photophase. Thus, one could



61

SEX PHEROMONE TITER OF C. rosaceana

(8861) "[B 12 uueuNSayg

(z861) '8 o astol

“($861) apae)) pue Awemsewey
(6861) 104314 pue |[eBZIM
(z661) SOUSWOZEYY pue sijiqeg
(SL61) Usid pue Jamog

(8L61) "B 13 12Y0D

{£861) |2 19 Jaueg

“(8L61) "1 1913500

(Z661) T2 19 SajjRA

(£861) “1v 19 saukey

(8861) ‘1B 10 Awemsewey
(8861) "I 10 uueLnsag

(€861} Aayaqng

*(8861) '[e 1o uurUNSIg

(1661 '0661) Awemsewey pue elqy
*(7861) 'Ie 12 adog 10418t
H(1661) '[9 eay

(1661) "18 3@ yieay

(Z661) 12Y3Y pue WNIQEYUNC
(Z661) "1B 13 Zo1M0)NGRID)
*(2661) "[e 13 Buey,

(Z861) sp1eD pus uolIEYD

aseydojoyd ag)

aseydojoas Apes
aseydoloyd noySnosyy
aseydojoos Ak

aseydoloss Apes

aseydojoos noysnoiy
aseydojoos appiu
aseydolods apppiw
aseydoross jnoydnoayr
aseydojoos e

aseydoloas aig|

aseydojoos je|-3ppiuw
aseydojods 3|ppiw
aseydojoos ae|

aseydojoos £es

va10ona) pigapydordsay)

pupaafiunf vanauoisiioy)
vungnuoad pydiow}120o07)
saprojSouu punsag

pjjatoundiaiul oipold

pompy vusaydy
syvpiuu pranydoiq

D) 1wpmpans pindog
ppaadidniy g

pauns maaidopods

IDIISSDLG DAISAUDIN

Suassadln "H

vxafqns "y
napdnyad snpolay

avdsip prupusy

4

LCLOCVOVCVCTLCCLO <L

<CVOVDTOUO <

aeploLuo]

sepijeild
aepuoydosang

JEPINION

sepluuewA]

Supjed fo yead yum sapiourod suowosayd jo yead

2dus13)ay

Juijjes jo pousd

satoadg

uoniedynuenb
JUOWI0INYY

Ajurey

V¥3.1d0dIdaT NI (V) NOLLDATIO ) INHOaNIY
O (D) LOVELXY ANV A QANINYIALA( NOLLONAOYJ ANOWOIIHJ ANV ONITTVD) 40 ONIWI] NIFMLIE dIHSNOLLYTIY 'Q 318V ]



DELISLE AND ROYER

62

-spue|S papruixa A[GIDI0§ WIOL) POUILLIAAD SEM DBl 9SEJ DY,

(1661 '9861) “IE 12 BUIEY

(e£861) 1IINPW pue 3s1j2Q
(9861) "[e 10 Jug

(T861) 2pIBD puB 1NSGIM
{zo61) noy

{9861) ouuoy

(0661) saukeH pue uny
(8861) sdwen pue zauiuey
{1861) 1B 1o wnjqiajung
(0661} "|2 12 0UQ

(L861) "I& 10 BYdS

25eydolods a|pprwy/Aues

aseydojoos are|
aseydojoos £pies

aseydojoos Apes
aseydojods ajppiwt
aseydolnas ajppiu
aseydoloos Apea

aseydolods Apes
aseydoloss Ajpea
aseydojoyd ae|

DAz DAaa0INIY n EBPINIION
sy nsau Sunoiguo))
proundiun viajopnasd fs)
SAIIIY) DISH]d IS} 2EPINIDON
uipjes jo yead Jaye sindo0 auowosayd Jo yead
pupinIs PIOUSID)S 0
‘ds sasydoxopy 0 JBPIdLUO],
sypaaflisund sayadowo) D GO
W oismydoyara g VD
0
synaony vaardopods s} 3EPIMIOON
njjomsiado pavwioysig 0 JEPILYIAN)
DU DUNIUMOJOH 0y 2EPIINY

Sunjea jo yead a0jag sand20 suowosayd Jo yead

JoUARY

Suippes jo pousgd

sa10adg uonesynuenb Apuieg
auowoiayg

QANNLLNOD)

‘g ATEVY,



SEX PHEROMONE TITER OF C. rosaceana 63

hypothesize that the lack of synchrony is due to different cues being used for
the two processes: lights-on for pheromone biosynthesis and lights-off for call-
ing.

However, care must be taken when making generalizations based on avail-
able literature due to differences in the experimental approaches used to deter-
mine the pattern of pheromone production. For example, while the onset time
of calling differs with age in most species examined (McNeil, 1991), the pher-
omone titer of different-aged females was usually measured at one specific hour
of the scotophase and/or photophase within the calling window. Similarly, the
diel changes in the pheromone titer are generally examined at a specific chro-
nological age and only at constant temperatures. A comparison of the pattern
of calling and pheromone production by different-aged OBL females at 20°C
and under the cool thermocycle (Figure 5) demonstrates that these approaches
may lead to somewhat biased estimates and thus to potentially erroneous con-
clusions. If the pheromone titers were determined at the time of peak calling
activity at 20°C, one would conclude that day-0 and day-3 females produce
similar amounts of pheromone (~45 ng), with day-5 females producing signif-
icantly less {~20 ng) than younger females. However, if the pheromone titers
were determined at the mean onset time of calling at 20°C, then the conclusion
would be that day-0 females (61 ng) produce significantly more pheromone than
day-3 females (43.7 ng), with day-5 females still producing less than 30 ng. In

20°C CONSTANT COOL THERMOCYCLE
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FiG. 5. The calling pattern (bars), and the mean total pheromone titer (circles) produced
by 0-, 3-, and 5-day-old Choristoneura rosaceana virgin females at different hours of
the 16:8 hr light-dark photoperiod at either 20°C constant temperature or a cool ther-
mocycle. 0 hr represents the onset of the scotophase. The mean onset time of calling
(solid circle) as well as the peak of call (*) are indicated for each age category and
temperature regime. The proportion of females calling were obtained from Delisle (1992a).
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contrast, under the cool thermocycle, estimates of the amount of pheromone
produced by either 0- or 3-day-old females would be similar whether analyses
were carried out at the mean onset time of calling or peak period of calling. As
before, estimates of day-5 females would be less than those of younger ones at
both times.

Furthermore, the age at which the patterns of calling and pheromone pro-
duction is estimated could influence the conclusions drawn. At 20°C, the pher-
omone titer of day-0 OBL females reached its peak 1 hr prior to the onset of
calling and dropped as soon as calling began, suggesting that the events are
asynchronous, with the peak of pheromone preceding the peak of calling. In
contrast, the pheromone patterns of day-3 and day-5 females showed that the
peak of both calling and pheromone occurred at the same time, therefore leading
to the conclusion that the two events are synchronous. The temperature regime
at which the analyses are carried out could also affect the results, for as seen
under the cold thermocycle, pheromone titers did not fluctuate considerably with
age, regardless of whether analyses were made at the onset time of calling or
at the peak calling time.

Using chronological rather than calling age (Turgeon and McNeil, 1982)
is an additional factor that may result in errors when evaluating age and diel
pheromone titers of species where females do not all initiate calling on the night
following emergence. For example, in species such as the true armyworm (Tur-
geon and McNeil, 1982; Delisle and McNeil, 1986), the cotton bollworm (Kou
and Chow, 1987), or the oriental armyworm (Han and Gatehouse, 1991}, a
population of 5-day-old females will have some individuals that have not yet
started calling, while others are on their first, second, or third night of calling.
Thus, any diel and/or age patterns obtained could be confounded if, as seen in
this study of the OBL, there are changes in titer on successive days of calling.
To make the point, let us assume that the OBL., rather than initiating calling on
the night following emergence, did so at different ages. If we sampled a pop-
ulation of 5-day-old individuals that had equal numbers of females in their first,
fourth and sixth night of calling (the first scotophase being day 0) then, using
the data from Figure 5, we would obtain the pattern seen in Figure 6. While
this would be an accurate population pattern, it would not give a clear diel
pattern of females of a specific calling age. In fact, under both temperature
regimes, the penodicity of calling, as well as pheromone production of the
population (Figure 6), would be very close to the pattern expressed by females
in their fourth night of calling (3-day-old) (Figure 5), but not for those in their
first (0-day-old) or sixth night of calling (5-day-old) (Figure 5).

We would, therefore, recommend that future studies examining the syn-
chrony of pheromone biosynthesis and calling take into account the importance
of determining the temporal pattern of calling and pheromone biosynthesis as a
function of calling age rather than chronological age, thus avoiding possibly
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FiG. 6. The calling pattern (bars), and the mean total pheromone titer (circles) of a
5-day-old population of Choristoneura rosaceana virgin females that contained females
in their first, fourth, and sixth night of calling under a 16:8 hr light-dark photoperiod
at either 20°C constant temperature or a cool thermocycle. 0 hr represents the onset of
the scotophase. The mean onset time of calling (solid circle) as well as the peak of calling
(*) are indicated for each population under both temperature regimes. The proportion of
females calling were obtained from Delisle (1992a).

incorrect estimates. This, we believe, is essential for valid interspecies com-
parisons, as well as for experiments examining the external cues governing the
diel periodicity of calling and pheromone synthesis.
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Abstract—The attraction of female spined citrus bugs, Biprorulus bibax, to
natural and synthetic aggregation pheromone was studied using an olfactom-
eter and a large flight cage. No locomotory response by postdiapause, pre-
reproductive females to heptane extracts of male dorsal abdominal glands
(DAGs) (site of pheromone production) was recorded in the olfactometer
study. However, postdiapause, prereproductive females showed significant
attraction to sites baited with DAG extracts in the flight cage (1.9-3.0 times
that of unbaited sites). Prereproductive and reproductive females showed
greatest attraction to sites baited with a synthetic blend of pheromone
[(3R,48,1'E)-3,4-bis(1’-butenyljtetrahydro-2-furanol, linalool, famesol, ner-
olidol] (2.3-4.7 times the attraction of unbaited sites). Females also responded
significantly to sites baited with the hemiacetal major component alone (1.7~
2.2x). Diapausing females collected from fall populations did not respond to
natural or synthetic pheromone baits. Potentiai applications of the synthetic
aggregation pheromone are discussed with respect to B. bibax management.

Key Words—Aggregation pheromone, B. bibax, Citrus, Hemiptera, Penta-
tomidae, dorsal abdominal gland. hemiacetal.
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INTRODUCTION

The spined citrus bug, Biprorulus bibax Breddin (Hemiptera: Pentatomidae), is
a recent and increasing pest of commercial citrus in inland southeastern Australia
(James, 1989). Damage to citrus crops, particularly lemons and mandarins, can
be considerable and results in internal staining, gumming, and fruit drop (Hely
et al., 1982). Recent research has focused on understanding the biology and
ecology of this native species {(e.g., James, 1990a-c, 1991; James and Warren,
1989; James et al., 1990) as a prelude to development of an integrated man-
agement strategy (James, 1992b).

James and Warren (1989) reported the presence of sexual dimorphism in
the dorsal abdominal glands (DAGs) of B. bibax (males have enlarged glands
while those of females are very small). This was considered analogous to the
situation reported for certain predaceous pentatomids where similar dimorphism
was related to pheromone production by glands in males (Aldrich et al., 1984).
Aldrich and Oliver (unpublished) determined the chemical constituents of the
DAG of male B. bibax to consist of a novel hemiacetal, linalool, two isomers
of farnesol, and nerolidol. The hemiacetal and linalool are the major components
and comprise 85-90% of male DAG extracts. DAGs from female B. bibax
contain only linalool. Oliver et al. (1992) isolated the 12-carbon unsaturated
hemiacetal and identified it as cis-3.4-bis[(E)-1’-butenyl]tetrahydro-2-furanol.
Subsequently, Mori et al. (1992) established the absolute configuration of the
compound, (35,4R,1'E)-3,4-bis(1’-butenyl)tetrahydro-2-furanol and presented
a synthesis. Absolute configuration of the compound was later revised to
3R, 48,1'E (Mori et al., 1993).

Pheromone produced in the enlarged male DAG of the predaceous penta-
tomid, Podisus maculiventris (Say) serves as a long-range attractant for con-
specifics (Aldrich et al., 1984), and a synthetic version is now available
commercially. The pheromone produced by male B. bibax may have a similar
function, and a synthetic version could have potential as a monitoring or man-
agement tool for this pest.

This study attempts to evaluate attraction of B. bibax to both natural and
synthetic pheromone, in a pedestrian olfactometer and in a flight cage, under
various physiological conditions.

METHODS AND MATERIALS

Olfactometer Study. A plastic Y-tube olfactometer was used to determine
the response of female B. bibax to male DAG/solvent extracts. Bugs could only
walk in the olfactometer (10 mm diam., arms 22 cm long) and each arm ended
in a rectangular plastic container (17 X 12 X 5 cm). Clean air (from outside
the testing room) was passed through the containers via plastic tubing from an
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air pump (85-100 ml/min). The holding chamber for bugs was also a plastic
container with a muslin-covered rear hole through which the air current exited
the system. A smoke test demonstrated a laminar airflow in both arms and in
the base tube. Bugs walked upwind in the base tube, chose an arm, and ended
up in the sample or control chamber. Tests were conducted in a constant envi-
ronment room (27.5 + 0.5°C, 50 + 10% relative humidity, 13:11 hr light-
dark). Lighting was provided by two 40-W fluorescent tubes located in front of
the two arms to encourage bug movement. Each test was conducted over a
period of five days and 8~15 female B. bibax were used per test. Male DAG
extracts were prepared by excising the paired glands from five bugs under a
stereomicroscope and placing them in a glass vial containing 1 ml of heptane.
The glands were lightly crushed with a glass rod and plastic film pierced with
a pin was used to cover the vial. A vial with heptane only was used in the
control chamber. Two immature lemon fruit were placed in each of the three
chambers as food. Data on bug movement to the chambers were recorded at
approximately hourly intervals between 0800 and 1700 hr daily. At each record-
ing period any bugs in choice chambers were removed and replaced in the
holding chamber. Twelve tests were conducted over a 10-week period with
different females used in each test. To compensate for possible minor asymmetry
in the olfactometer or experimental conditions, DAG and control samples were
alternated between arms between each test. After each test, the olfactometer
was washed thoroughly in acetone and hot water. Initial tests using heptane
only in both choice chambers demonstrated neutrality of the system to female
B. bibax. All females used were postdiapause, prereproductive individuals col-
lected from overwintering aggregations (James, 1989, 1990a, 1991) and held in
the laboratory for 8-12 weeks under ‘‘winter’’ conditions (15 + 0.5°C, 10: 14
hr light-dark). The male-produced pheromone of B. bibax is thought to be a
long-range attractant aimed primarily at bringing sexually immature individuals
together for mating (James and Warren, 1989).

Flight Cage Studies. A large (17 X 6 X 3.6 m) shadecloth-covered, con-
crete floored structure was used as a flight cage for female B. bibax. Bugs made
flight-mediated choices between sites baited with host fruit only or host fruit
and pheromone. A bait site was located on each of nine or 12 evenly distributed
tables (two rows of six) and consisted of a seed tray filled with immature lemon
fruit and a jar of fresh lemon foliage (replaced every other day). A maximum
of three pheromone treatments, each replicated three times, were conducted in
each experiment. At the beginning of each experiment 50-80 female B. bibax
were released in the center of the flight cage. Some mortality occurred but
numbers of bugs were kept above 40 for the duration of each experiment by
introducing additional bugs when necessary. Counts of bugs at each bait site
were conducted three times daily (0800, 1200, 1600 hr), and treatments were
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randomly reassigned to bait sites at the end of each day. Bugs at bait sites were
removed and placed in the center of the flight cage.

One natural and two synthetic pheromone formulations were used in four
experiments. Male DAG/heptane extracts were prepared as described previously
although a shortage of male bugs meant that two pairs of DAGs per vial were
used instead of five. The racemate of (3R,45,1'E)-3,4-bis(1’-butenyl)tetrahydro-
2-furanol was synthesized in Japan (Mori et al., 1992) and shipped to Australia.
The other components of male B. bibax DAG secretion [linalool, farnesol (mixed
isomers) and nerolidol] were obtained from Sigma-Aldrich Pty Ltd (Castle Hill,
New South Wales). The synthetic blend was formulated (by volume) to approx-
imate the composition of male DAG extracts and extracts of airborme volatiles
from live males (hemiacetal 46%, linalool 40%, famesol 13%, nerolidol 1%)
(Aldrich, unpublished). The blend was mixed with 1 ml of heptane in a plastic
film-capped glass vial. The plastic film was pierced with a pin, and vials were
attached to the jars containing citrus foliage. Vials containing heptane only were
used at control sites. A climate data-logger was used to record temperature and
relative humidity during each experiment.

Experiment 1. This was conducted during November 19-24, 1992, using
postdiapause, prereproductive females collected from overwintering aggrega-
tions and held in the laboratory for 8-12 weeks under ‘‘winter’’ conditions (15
+ 0.5°C, 10:14 hr light-dark). Nine tables were baited with DAGs, synthetic
blend, or heptane only. The blend was a formulation of 16 mg of the racemate
of (3R,4S,1'E)-3,4-bis(1'-butenyl)tetrahydro-2-furanol (38 %), 16 mg of linalool
(38%), 5 mg of farnesol (12%), and 5 mg of nerolidol (12%).

Experiment 2. This was conducted during December 5-11, 1992, using
prereproductive, postdiapause females as in experiment 1. Twelve tables were
baited with DAGs, synthetic blend, hemiacetal only, or heptane only. Blend
formulation was as in experiment 1, 16 mg of the racemate of (3R,45,1'E)-3 4-
bis(1'-butenyl)tetrahydro-2-furanol and 1 ml of heptane comprised the hemiace-
tal treatment.

Experiment 3. This was conducted during March 4-15, 1993, using repro-
ductive females collected from summer breeding populations in local lemon
groves. Twelve tables were baited with DAGs, synthetic blend, hemiacetal only,
or heptane only. A blend formulation of 29 mg of the racemate of (3R, 45,1'E)-
3,4-bis(1'-butenyl)tetrahydro-2-furanol (46%), 25 mg of linalool (40%), 7 mg
of famesol (13%), and 1 mg of nerolidol (1%) was used, 29mg of the hemiacetal
in 1 ml of heptane comprised the hemiacetal treatment.

Experiment 4. This was conducted during April 8-12, 1993, using females
collected from lemon groves during the first week of April. At this time (fall)
B. bibax enters reproductive diapause (James et al., 1990; James, 1991) and
forms overwintering aggregations on nonlemon citrus (James, 1990 a,b). Dis-
section of a sample of 10 females showed all to have undeveloped ovaries.
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Twelve tables were baited with DAGs, synthetic blend, hemiacetal only, or
heptane only. The same formulations were used as in experiment 3.

Data were analyzed by chi-square, analysis of variance (ANOVA), and
LSD procedures, where appropriate.

RESULTS

Olfactometer Study. No significant attraction to DAG/heptane extracts was
demonstrated. During 12 tests, 501 individual bug movements were recorded,
258 (51.5%) movements were made to the chambers containing DAG/heptane
extract and 243 (48.5%) to chambers containing heptane only (x* =044, P
> 0.5).

Flight Cage Studies. Female B. bibax released in the flight cage demon-
strated significantly greater attraction to pheromone baited sites than unbaited
sites in experiments 1-3 but not in experiment 4 (Table 1).

Experiment 1. Flight activity of prereproductive, postdiapause females
released in this experiment was considerable. Bugs spent much time *‘patrol-
ling”’ the cage, avoiding landings on the walls and roof. Flights of 1-4 min
were frequently observed. More than three times as many bugs were recorded
from synthetic blend-baited sites than from unbaited sites (Table 1). Almost
twice as many bugs were recorded from DAG-baited sites than unbaited sites.
Synthetic blend-baited sites attracted 1.6 times as many bugs as DAG-baited
sites. All differences were significant (P < 0.05). A combined sites daily mean
of 28 bugs was recorded. Temperatures during the experiment ranged from 13
to 29°C with daily mean maxima and minima of 28.5°C and 14.2°C, respec-
tively.

Experiment 2. Flight activity of bugs was again considerable with flights
of 1-4 min frequently observed. The synthetic blend sites attracted 4.7 times
as many bugs as unbaited sites (Table 1). Three times as many bugs were
recorded from DAG-baited sites as from unbaited sites (P < 0.05). Sites baited
with hemiacetal only recorded a similar number of bugs to the DAG sites (NS,
P > 0.05) and both treatments were significantly less attractive than the syn-
thetic blend. A combined sites daily mean of 14 bugs was recorded. Temper-
atures during the experiment ranged from 14 to 35°C with daily mean maxima
and minima of 30.3°C and 15.4°C, respectively.

Experiment 3. Reproductive femaies were less flight active than the pre-
reproductive females used in experiments 1 and 2. All observed flights were of
short (< 1 min) duration. Sites baited with synthetic blend or hemiacetal attracted
2.3 and 1.7 times as many bugs as unbaited sites, respectively (P < 0.05)
(Table 1). DAG-baited sites were 1.5 times as attractive as unbaited sites, but
this was weakly nonsignificant (P > 0.05). A combined daily mean of 26 bugs
was recorded. Temperatures during the experiment ranged from 10 to 32°C with
daily mean maxima and minima of 29.4°C and 14°C, respectively.
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Experiment 4. Flight activity of diapausing females used in this experiment
was very limited with no flights of > 1 min observed. There was no significant
difference in numbers of bugs recorded at blend, hemiacetal, DAG, or unbaited
sites (P > 0.05) (Table 1). Low numbers of bugs were recorded at the sites
(combined sites daily mean = 8) and most individuals remained on the roof or
walls of the flight cage. Temperatures during the experiment ranged from 5 to
31°C with daily mean maxima and minima of 26.8°C and 10.2°C, respectively.

DISCUSSION

Males of other pentatomids, both predatory and phytophagous, produce
long-range attractant pheromones (Aldrich, 1988; Aldrich et al., 1984, 1991).
The similarity in glandular morphology of B. bibax to the well-researched North
American predatory pentatomid, Podisus maculiventris (Say), led us to consider
the possibility that the two species have a similar chemical communication
system, Male P. maculiventris have enlarged DAGs from which they release
an attractant pheromone consisting of a mixture of (E)-2-hexenal, «-terpineol,
linalool, terpinen-4-ol, and benzyl alcohol. Both sexes are attracted to natural
or synthetic versions of this volatile blend and at least four parasitoids use the
pheromone as a kairomone (Aldrich et al., 1984). This study demonstrates that
the secretion from enlarged DAGs in male B. bibax is also a pheromone attrac-
tant to conspecific females in flight. This is the first example of an Australian
pentatomid with glands exclusively devoted to the production and storage of a
pheromone. It is also the first instance of a phytophagous pentatomid using
enlarged DAGs to produce attractant pheromone.

Data from the flight cage studies are convincing evidence of the attraction
of postdiapause, prereproductive and reproductive B. bibax females to natural
and synthetic versions of the pheromone; however, data from the laboratory
olfactometer study did not reveal this situation. Airflow olfactometers are com-
monly used to measure responses of insects to infochemicals (e.g., Akinlosotu,
1978; Read et al., 1970; Rotheray, 1981; Sabelis and van de Baan, 1983;
Shahjahan, 1974; Vet et al., 1983). In most published accounts, test insects
demonstrate clear preferences for the chamber containing the attractive material,
but olfactometers usually only allow subjects to respond by walking, which is
clearly inappropriate for insects which orient to infochemicals after initiation of
flight. Long-range attractant pheromones by definition, must act on flying insects,
and it is therefore logical to expect B. bibax to respond best to such a pheromone
in a flight cage situation. A similar case was reported for the braconid parasitoid
Cotesia (= Apanteles) glomerata (L.), which responded to volatile infochem-
icals in a glasshouse flight chamber but showed no response in an olfactometer
(Steinberg et al., 1992). There are other factors, of course, such as natural
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daylight and air turbulence that enable flight cage systems to more closely sim-
ulate natural field situations and therefore provide more reliable bioassays of
attraction.

Although all experiments in this study used female B. bibax as test subjects,
it is quite likely that male B. bibax also respond to the pheromone, as is the
case with P. maculiventris (Aldrich et al., 1984). Mating leks have been observed
in B. bibax (James, 1989; James and Warren, 1989) and may be mediated by
the male DAG-produced pheromone. Reproductive and postdiapause, prere-
productive females responded to pheromone in the flight cage but responses
appeared to be greater in the latter. Postdiapause, prereproductive females clearly
displayed greater flight activity than reproductive females. Increased flight activ-
ity is often characteristic of sexually immature insects (Johnson, 1969), and it
is this young adult phase that may be most sensitive to male-produced aggre-
gation pheromone in B. bibax. In the ancestral habitat of B. bibax (western areas
of New South Wales and Queensland) (James, 1992a) host plants [Eremocitrus
glauca (Lindl. Swing)] occur in isolated patches, often separated by many ki-
lometers. The value of effective long-range chemical communication to B. bibax
in such a habitat is clear.

In contrast, female B. bibax collected from fall populations in the early
stages of reproductive diapause showed no response to natural or synthetic aggre-
gation pheromone. Overwintering populations of B. bibax in inland southeastern
Australia are nonreproductive from April to September (James, 1990b; James
et al., 1990), and DAGs in winter males are approximately 80% smaller than
in reproductive males {James and Warren, 1989). The unresponsiveness of dia-
pausing females to aggregation pheromone supports the idea that male DAG
secretion in B. bibax primarily serves to bring the sexes together for mating.
From these results, the characteristic aggregative behavior of overwintering B.
bibax (James, 1990a) appears to be mediated by other male- and/or female-
produced pheromones, or possibly by other sensory stimuli.

The synthetic blend of the natural pheromone was the most attractive bait
for responsive female B. bibax, being 1.6-1.7 times as attractive as DAG
extracts. The major component of the pheromone {the racemate of (3R,45,1'E)-
3,4-bis(1’-butenyi)tetrahydro-2-furanol] when used on its own was less attractive
than the blend and similar in attraction to DAG extracts.

A synthetic blend of the aggregation pheromone of B. bibax has potential
as a management or monitoring tool for this pest of Australian citrus. Phero-
mone-baited traps could provide a reliable and timely indication of bug popu-
lations in citrus groves. This would substantially improve integrated management
of B. bibax, which currently relies on time-consuming and sometimes unreliable
tree searches (James, 1992b). Alternatively, a trapping system using pheromones
may have sufficient impact on B. bibax populations to be a management tool in
its own right.
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Abstract—Preadult exposure to carbaryl affected the subsequent behavior of
two-spotted spider mites (Tetranychus urticae Koch) on leaf surfaces with
discontinuous acaricide residues. In dicofol bioassays, preexposure to carbaryl
caused a loss of avoidance behavior {eliminating the tendency of mites to feed
and stand longer off treated argas). In amitraz bioassays, preexposure to car-
baryl had the opposite effect. It increased the propensity of mites to feed and
stand off amitraz-treated areas, resulting in increased avoidance of amitraz.
Carbary! preexposure therefore resulted in diametricaily opposed behavioral
changes in subsequent encounters with two acaricides. These effects provide
additional evidence of the unpredictable nature of interactions between pes-
ticides and show how a chemical, irrespective of degree of toxicity, can alter
the behavior of arthropods in response to subsequent chemical encounters.

Key Words—Tetranychus urticae, Acarina, Tetranychidae, amitraz, dicofol,

carbaryl, discontinuous residues, behavior, pesticide efficacy.

INTRODUCTION

When organic pesticides were first used on a broad scale in agriculture, research-
ers noted the occurrence of severe outbreaks of some pests following applications
in certain crops (Ripper, 1956; van den Bosch and Stern, 1962). Outbreaks were
of two distinctly different kinds: (1) those resulting from rapid resurgences of
the pests originally targeted by pesticide treatments, and (2) severe build-up of
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so-called secondary or occasional pests known previously to cause crop damage
only in certain years or within limited areas (Luck et al., 1977; Newsom et al.,
1976; Metcalf, 1986). Much research has been done to characterize the mech-
anisms of chemically induced outbreaks of pests (e.g., see Metcalf, 1980; Waage
et al., 1985). In many cases, the elimination of natural enemies has been impli-
cated as the key determinant of outbreaks (Root and Skelsey, 1969; Croft and
Brown, 1975; Waage et al., 1985). Yet, it was found that disruption of biolog-
ical control could not account fully for the phenomenon, because chemically
induced pest outbreaks were found to occur in some instances where natural
enemies were not a factor. Studies of this nature extended the conceptual frame-
work of pest-pesticide—natural enemy interactions to include an appreciation of
the potential stimulatory action of pesticides on pest physiology (hormoligosis:
see Luckey, 1968}, sublethal effects on natural enemies (e.g., Croft and Brown,
1975) and effects of pesticides on plant physiology (e.g., Jones et al., 1986;
Youngman et al., 1989).

Carbaryl is used widely in agriculture, owing to its safety to mammals and
its relatively broad spectrum of insecticidal activity. There are numerous pub-
lished reports of carbaryl-induced outbreaks of arthropods (e.g., Bentley et al.,
1987; Flaherty and Huffaker, 1970; Inoue et al., 1986; Messing et al., 1988;
Pike and Allison, 1987; Sandhu et al., 1987). Many such outbreaks have been
attributed to the greater toxicity of carbaryl to beneficial organisms, relative to
pests. However, additional factors have been shown to be involved in some
arthropod outbreaks induced by carbaryl. For example, Flaherty and Huffaker
(1970) showed that resurgences of Tetranychus pacificus occurred following
applications of carbaryl to central California vineyards, even in the absence of
the principle predator, Metaseiulus occidentalis. Similarly, Messing et al. (1988)
concluded that natural enemy mortality was not the only factor leading to car-
baryl-induced resurgences of the filbert aphid, Myzocallis coryli (Goeze) and
showed that aphids exposed to carbaryl residues produced significantly greater
numbers of offspring than did untreated aphids.

In this paper we expand the documentation of nonlethal effects of pesticides
on pest biology by showing how prior exposure to carbaryl altered the behavior
of mites on leaf surfaces treated with acaricides. These findings provide addi-
tional evidence of the unpredictable nature of interactions between pesticides
commonly used in agriculture and illustrate, at the level of pest behavior, the
point that potentially any chemical encountered by pests, irrespective of degree
of toxicity, could alter significantly the response of arthropods to subsequent
chemical encounters.

METHODS AND MATERIALS

Preparation of Spider Mite Cultures. Two-spotted spider mites (Tetra-
nychus urticae) were raised on Cranberry Bean seedlings (Phaseolus vulgaris
L.)at26 + 3°C, 70 + 10% relative humidity, and a 16-hr photoperiod. Cultures
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were isolated in cages as described by Dennehy and Granett (1984). Dicofol-
susceptible mites {homozygous susceptible (SS) for the dicofol-resistance gene]
were from a laboratory culture originally collected from a New York State
Agricultural Experiment Station apple orchard (Orchard 12) located in Ontario
County during 1985 (Rizzieri et al., 1988).

In all treatments, females were removed singly from the cultures, during
the quiescent phase following the deutonymph stage. This period is characterized
by immobile females that are guarded by males. The females were placed indi-
vidually within a Tanglefoot ring (The Tanglefoot Company, Cedar Rapids,
Michigan) on the upperside of Cranberry Bean leaves, and 48 hr later, obser-
vations of newly emerged adult females were made.

Observation leaves were treated with either dicofol (100 ppm) or amitraz
(360 ppm) solutions. Dicofol solutions were prepared from Kelthane EC (18.5%,
Rohm and Haas, Philadelphia, Pennsylvania). Amitraz solutions were prepared
from Ovasyn (19.8%, NOR-AM Chemical Company, Wilmington, Delaware).
For the behavioral bioassays described herein, concentrations of dicofol and
amitraz were chosen based on prior studies of the log-concentration/probit
response of T. urticae to dicofol and amitraz (Dennchy et al., 1988, 1993). The
concentrations selected, 100 ppm dicofol and 360 ppm amitraz, caused approx-
imately 70% mortality of susceptible mites in 72-hr residual bioassays (contin-
uous residues).

Preparation of Discontinuous Residues. In agricultural settings, pesticide
residues typically are deposited unevenly. To model the implication of this in
a behavioral assay, we followed a procedure where either dicofol (100 ppm) or
amitraz (360 ppm) solutions were sprayed on leaves as discontinuous checker-
boards. A wire grid, having 0.7-cm squares alternately filled with wax, was
clamped to the underside of an observation leaf. The leaf underside was used
because T. urticae are more likely to walk off the top of the leaf (Kolmes et
al., 1990). This assembly was then placed in a Potter Precision Laboratory spray
tower (Burkhard, Rickmansworth, Herts., UK), and it was sprayed with 2.0 m!
of newly prepared acaricide solution. After this treatment, the grid was removed,
and the residue was allowed to dry for 24 hr. Treated squares were identified
by placing a small dot of red ink in their centers.

Experimental Assay. The assay comprised | hr of observation of mite
behavior on the 24-hr-old discontinuous residue. To construct the observation
arenas, 4 X 4 square areas of leaves were cut out and situated bottom side
upwards on moist cotton bedding. Female mites were placed individually, one
per leaf, on these treated areas. Following an acclimation period of 5 min,
behavior patterns were recorded for 1 hr for each mite.

Behavioral observations of mites were recorded, using a TRS-102 laptop
computer (used as a real-time event recorder), a Volpi Interlux 5000 fiberoptic
cool light source, and a Wild M-3Z dissecting microscope. Fourteen mites were
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studied for each of the four experimental treatments listed below. Each treatment
group required five or six days of behavioral observation. The dates of this work
were spread out between June 19, 1992 and July 29, 1992, and dates were
alternated between treatment groups rather than having the observations for any
single treatment group occur as a block. A total of 5293 events were recorded,
and their durations were measured. One observer (J.A.D.) collected all of the
behavioral data.

Behavioral Observations and Analysis. Three behavior patterns—walking,
standing and feeding—were recorded. Walking was defined as mite movement
across the leaf-surface. Standing was defined as a period of mite immobility.
Feeding was defined by the following actions: the pumping action of the mouth
parts, small postural movements, and the body being held head downwards at
an angle to the leaf surface. Frequencies and durations of each behavior were
analyzed using chi-square goodness-of-fit tests and Wilcoxon-Mann-Whitney
tests, respectively. Analysis of behavioral data using combined values for each
treatment group produces a conservative set of analyses. Individual variability
among mites could make it more difficult to detect treatment group differences,
but differences detected between treatment groups will be highly robust. The
use of nonparametric statistics is appropriate for this sort of behavioral data,
which do not resemble a normal distribution (Siegel and Castellan, 1988).

Four Treatment Groups Evaluated. The four treatment groups consisted
of: female mites, reared on bean plants sprayed with 600 ppm carbaryl, placed
on either dicofol or amitraz; and female mites, reared on bean plants without
carbaryl, placed on either dicofol or amitraz.

RESULTS

Effect of Dicofol on Mites Reared on Carbaryl-Free Plants. Walking bout
frequencies on and off residue squares (Figure 1) did not differ significantly,
according to a x? goodness-of-fit test (x> = 2.98, df = 1, P > 0.05). Walking
bout durations were significantly longer off residue squares than on residue
squares, according to a Wilcoxon-Mann-Whitney test (I/ = 844374, P = 0.033)
(Figure 1), although the size of the difference was small.

Feeding bout frequencies on residue squares were significantly lower than
those observed off residue squares (x? = 42.26, df = 1, P < 0.005) (Figure
1). Feeding bout durations on and off residue squares were not significantly
different (U = 5806.5, P = 0.056) (Figure 1). Feeding bout durations off
residue squares tended to be longer, although this was not statistically significant
at the 0.05 probability level.

Standing bout frequencies on residue squares were significantly lower than
those off residue squares (x> = 26.14, df = 1, P < 0.005) (Figure 1). Standing
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FiG. 1. Behavior on discontinuous dicofol residues of Tetranychus urticae reared on and
off plants sprayed with carbaryl. Walking, feeding, and standing bout durations are
expressed as median values. Error bars represent the semiinterquartile range of the data.
Values above error bars represent the walking, feeding, and standing bout frequencies.

bout durations were significantly longer off residue squares than on residue
squares (U = 1017.5, P = 0.021) (Figure 1).

Effect of Dicofol on Mites Reared on Plants Sprayed with Carbaryl. Walk-
ing bout frequencies on and off residue squares did not differ significantly,
according to a x* goodness-of-fit test (x> = 0.022, df = 1, P > 0.05) (Figure
1). Walking bout durations on and off residue squares were indistinguishable,
according to a Wilcoxon-Mann-Whitney test (U = 590081, P = 0.092) (Fig-
ure ).

Feeding bout frequencies on and off residue squares were not statistically
different (x> = 0.080, df = 1, P > 0.05) (Figure 1). Feeding bout durations
on and off residue squares also did not differ significantly (U = 47715, P =
0.580) (Figure 1).

Standing bout frequencies on and off residue squares were not significantly
different (x> = 0.368, df = 1, P > 0.05) (Figure 1). Standing bout durations
on and off residue squares were not significantly different (U = 1780, P =
0.056) (Figure 1). Standing bout durations on residue squares tended to be
longer, although this was not statistically significant at the 0.05 probability level.

Effect of Amitraz on Mites Reared on Carbaryl-Free Plants. Walking bout
frequencies on and off residue squares did not differ significantly, according to
ax? goodness-of-fit test (x2 = 2,16, df = 1, P > 0.05) (Figure 2). Walking
bout durations on and off residue squares also did not differ significantly, ac-
cording to a Wilcoxon-Mann-Whitney test (U = 1032837.5, P = 0.4529)
(Figure 2).

Feeding bout frequencies were significantly greater off residue squares than
on residue squares x? = 22.70, df = 1, P < 0.005) (Figure 2). Feeding bout
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FiG. 2. Behavior on discontinuous amitraz residues of Terranychus urticae reared on and
off plants sprayed with carbaryl. Walking, feeding, and standing bout durations are
expressed as median values. Eror bars represent the semiinterquartile range of the data.
Values above eror bars represent the walking, feeding, and standing bout frequencies.

durations on and off residue squares were not significantly different (U = 8714.5,
P = 0.5165) (Figure 2).

Standing bout frequencies were significantly greater off residue squares than
those on residue squares (x> = 8.86, df = 1, P < 0.05) (Figure 2). Standing
bout durations on and off residue squares were not significantly different (U =
1628.5, P = 0.5065) (Figure 2).

Effect of Amitraz on Mites Reared on Plants Sprayed with Carbaryl. Walk-
ing bout frequencies on and off residue squares were not significantly different,
according to a x° goodness-of-fit test (x* = 3.38, df = 1, P > 0.05) (Figure
2). Walking bout durations on and off residue squares were also statistically
insignificant, according to a Wilcoxon-Mann-Whitney test (U = 705571.5,
P = 0.429) (Figure 2).

Feeding bout frequencies were significantly greater off residue squares than
those on residue squares (x* = 41.48, df = 1, P < 0.005) (Figure 2). Feeding
bout durations were greater in length off residue squares than on residue squares
(U = 2590.5, P = 0.0038) (Figure 2).

Standing bout frequencies were significantly lower on than off residue
squares (x?=2242,df =1, P < 0.005) (Figure 2). Standing bout durations
on and off residue squares were not significantly different (U = 2149.5, P =
0.323) (Figure 2).

DISCUSSION

Our results demonstrate that preexposure to carbaryl significantly changed
the behavior of spider mites on leaf surfaces treated with acaricide. The full
impact of this chemically induced alteration of the spider mite-acaricide inter-
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face is most readily visualized by computing from the values given in Figures
1 and 2, the products of bout frequencies and bout lengths, in order to compare
for each group the total time that mites resided on versus off residue, when
feeding and standing (Figures 3 and 4). Preexposure to carbaryl eliminated the
tendency of mites to feed and stand longer off dicofol residues (Figure 3). In
other words, carbaryl resulted in a loss of spider mite avoidance of dicofol-
treated areas. However, the opposite effect of preexposure to carbaryl was
observed with amitraz. Mites exposed to amitraz spent less total time feeding
and standing on the residue if they were preexposed to carbaryl (Figure 4). This
suggested that carbaryl somehow intensified behaviors resulting in avoidance of
amitraz.

Earlier studies demonstrated that, given the opportunity, spider mites
avoided dicofol residues and that the mechanism of this avoidance in susceptible
T. urticae involved feeding deterrence caused by dicofol. This avoidance behav-
ior was lost by mites resistant to dicofol (Kolmes et al., 1990). In the present
study, we have recorded a remarkable impact of carbaryl on the amount of time
mites spent feeding and standing on acaricide residues (Figures 3 and 4).
Although we cannot predict the impact on field efficacy resulting from such
carbaryl-mediated decreases (for dicofol) or increases (for amitraz) in avoidance
of residues, studies are currently underway to correlate these behavioral obser-
vations with efficacy evaluations.

Resistant spider mites reared on dicofol-treated leaves exhibited a prefer-

FEED
ON

(i

wi Carbaryl Pre-exposure wio Pre-exposure

Fig. 3. Impact of preexposure to carbaryl on the total time that mites fed and stood on
dicofol residues. Feeding and standing behaviors are expressed as total summed dura-
tions.
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Fic. 4. Impact of preexposure to carbaryl on the total time that mites fed and stood on
amitraz residues. Feeding and standing behaviors are expressed as total summed dura-
tions.

ence for feeding on dicofol-treated leaves relative to untreated leaves (Kolmes
et al., 1992). Similarly, mites preexposed to carbaryl exhibited a feeding pref-
erence for dicofol-treated areas on discontinuous dicofol residues (Figure 3).

The results described herein extend our understanding of how dramatically
pest behavior can change following exposure to pesticides. From our results, it
is quite plausible to hypothesize that some carbaryl-induced pest outbreaks have
been promoted by increased residue avoidance of pests. Our findings provide
additional evidence of the unpredictable nature of interactions between pesticides
commonly used in agriculture and illustrate, at the level of pest behavior, the
point that potentially any chemical encountered by pests, irrespective of degree
of toxicity, could alter significantly the response of arthropods to subsequent
chemical encounters.
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Abstract—The noctuid sibling taxa Diachrysia chrysitis s. str. and D. tutti,
of yet uncertain taxonomic status, have previously been shown to possess
differences in morphology and to be attracted to different mixtures of the two
presumed pheromone components (Z)-5-deceny!l acetate and (Z)-7-decenyl
acetate. Typical D. nerri males (clearly broken forewing marking) are known
to respond to a 2: 100 mixture of the two isomers, whereas D. chrysitis males
(unbroken marking) are attracted to a 100: 10 mixture. We investigated female
pheromone production and male electroantennographic (EAG) response in
Diachrysia families raised in the laboratory from field-collected gravid females.
Extracts of individual females from typical D. rueti and D. chrysitis families
were subjected to gas chromatography with simultaneous flame ionization and
electroantennographic detection. All females produced mixtures of Z5- and
Z77-10:OAc, but female D. chrysiris produced predominantly Z5-10: OAc
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Science, Ecology Building, 8-223 62 Lund, Sweden

91

0098-0331/94/0100-0091$07.00/0 © 1994 Plenum Publishing Corporation



92 LOFSTEDT ET AL.

and the antennae of their brothers responded more strongly to the Z5 peak
than to the Z7-10:0Ac peak, whereas the opposite was true for D. rutti
families. The pheromone components were shown to be biosynthesized from
hexadecanoic and tetradecanoic acid, respectively by Z1!-desaturation fol-
lowed by chain shortening, reduction, and acetylation. The EAG responses
of males trapped with the typical D. ruti and D. chrysitis blends, as well as
with an intermediate blend, were investigated. Males trapped with the D. tuti
mixture almost exclusively had a clearly broken wing marking and showed
strongest EAG response to Z7-10: OAc. The intermediate blend and the D.
chrysitis mixture gave more mixed catches, but with a prevalence of males
with an unbroken (or almost unbroken) wing marking and with a higher mean
response to Z5-10:OAc. Some males with typical D. mtti EAG responses
were attracted in the field to the D. chrysitis pheromone. In the Rlight tunnel
some D. chrysitis males were attracted also to the D. turti mixture. This
indicates that cross attraction may take place between the two taxa under
natural conditions.

Key Words—Lepidoptera, Noctuidae, Diachrysia chrysitis, Diachrysia tuiti,
pheromones, sibling taxa. electroantennographic responses, biosynthesis,
cross-attraction.

INTRODUCTION

In his taxonomic revision of palearctic Plusiinae, Kostrowicki (1961) described
Diachrysia tutti as a species that could be separated from D. chrysitis (Linnaeus,
1758) on morphological grounds. According to Kostrowicki the two taxa appear
sympatrically in Europe, Asia Minor, Iran, and the Caucasus, whereas only D.
tutti occurs east of the Urals. Kostrowicki's distinction between the two taxa
was, however, not confirmed by other taxonomists, and D. tutti was generally
considered a synonym of D. chrysitis (Lempke, 1965; Urbahn, 1966, 1967)
until Priesner (1985) reported the attraction of two distinct Diachrysia popula-
tions, assignable to D. wuti and D. chrysitis, to two different mixtures of (£)-5-
decenyl acetate (Z5-10: 0Ac) and (Z)-7-decenyl acetate (Z7-10: OAc). Typical
D. turti specimens have a clearly broken forewing pattern (Wp 1; confluence
grades 1 and 2 according to Rezbanyai-Reser, 1985), and such males are attracted
to a 2:100 mixture of Z5-10:0Ac/Z7-10:0Ac, whereas D. chrysitis males
with an unbroken wing pattern (Wp 5) are attracted to a 100: 10 mixture. The
chrysitis sex attractant rarely attracts males with Wp 1 and few males with Wp
5 are found in tutti traps, but insects with intermediate wing patterns (grades
2-4) are frequently found in both kinds of traps (Priesner, 1985; Rezbanyai-
Reser, 1985; Toth et al., 1988; Svensson et al., 1989).

Allozyme analysis of males trapped with the two types of sex attractants
demonstrated that the samples were similar but not identical with respect to
allele frequencies. However, no diagnostic loci were found, and the allozyme
data were not clear in terms of cross-attraction and reproductive isolation (Svens-
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son et al., 1989). The noctuid moths D. chrysitis and D. nuti provide an oppor-
tunity for the evolutionary biologist to study the role of pheromones in
reproductive isolation and speciation. In the present study we investigate dif-
ferences in female pheromone production and male electrophysiological response
between D. tutti and D. chrysitis. Males attracted in the field were subsequently
subjected to EAG analysis in the laboratory. The specificity of male attraction
to synthetic pheromone was thus investigated by studying electroantennographic
responses of the trapped males to synthetic pheromone components.

METHODS AND MATERIALS

Insects. Insects were classified based on their forewing pattern according
to the five confluence grades suggested by Rezbanyai-Reser (1985) (see Figure
5B) below. Gravid females were collected in Germany, Hungary, and Sweden.
The larvae developing from eggs were raised on a natural diet consisting of
Urtica divica, Taraxacum vulgare, Plantago major, or other suitable host plants.
Insects for pheromone analysis were obtained from 12 families (Table 1). Hind
wing scales from the male moths of family 3 were magnified 500 X and analyzed
for density of ridges according to the method of Bruun (1987). D. chrysitis
specimens used for flight-tunnel experiments and biosynthetic labeling experi-
ments were the F1 progeny of a cross between families 6 and 7.

Pheromone Gland Extracts. Extracts for analysis of pheromone compo-
nents and pheromone precursors were prepared from individual 2- to 5-day old
female Diachrysia spp. The pheromone gland, located at the dorsal side of the
intersegmental membrane between the eighth and ninth abdominal segments,
was excised with a pair of forceps and extracted in 10 ul of redistilled hexane.
The extract was subjected to gas chromatography (GC) analysis. For total lipid
extraction, 10 ul of chloroform-methanol (2:1 v/v) was subsequently added to
the hexane-extracted glands. This second extract was subjected to base meth-
anolysis (Bjostad and Roelofs, 1981), and the methyl esters thus formed were
analyzed by GC or coupled GC-mass spectrometry (GC-MS).

Experiments on Pheromone Biosynthesis. Deuterium-labeled fatty acids in
DMSO (approximately 4 ug in 0.2 ul), mixtures or individual components, were
applied topically (Bjostad and Roelofs, 1981; Lofstedt et al., 1986} to the pher-
omone glands of 2- to 4-day old Diachrysia sp. The acids were applied at the
beginning of the dark period, and the pheromone glands were dissected after
approximately 30 min of incubation. Most of the experiments were carried out
with F1 insects from a cross between families 6 and 7 (classified as D. chrysitis
based on female pheromone production and male electroantennographic and
flight-tunnel responses). A few experiments were carried out with insects from
family 3.
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Electrophysiology. Recordings of electroantennographic responses (EAG)
were performed on excised male antennae in Lund and in Budapest, using
slightly different methods. In Lund, an antenna was placed with the base in a
pipet electrode filled with Beadle-Ephrussi Ringer, and grounded via a Ag-AgCl
wire. The distal tip of the antennae was placed in contact with a recording
electrode, similar to the indifferent electrode. The tip electrode was connected
to a high impedance DC amplifier with automatic baseline drift compensation.
One microgram of the stimulus was applied to a 7 X 15 mm’ piece of filter
paper, which was placed inside a Pasteur pipet. The antenna was constantly
flushed by a charcoal-filtered and moistened airstream. The airstream passed
through a glass tube (ID 8 mm) at a velocity of 0.5 m/sec. The glass tube ended
8 mm before the preparation. The stimulus was injected as a short puff (50
msec) by a stimulation device (Syntech, Hilversum, The Netherlands) into the
constant airstream. As only two stimuli were tested on each antenna, no nor-
malization was needed.

In Budapest, the connection between the platinum electrodes and the insect
tissue was maintained by an electrically conducting gel (Valleylab, Boulder,
Colorado). Responses were amplified by a high-impedance amplifier (Rumbo,
1981). One microgram of a test compound applied to a 10 X 10 mm? piece of
filter paper inside a Pasteur pipet was used as an odor source. Stimuli were
provided by injecting 1 ml of air through the Pasteur pipet into an airstream (80
liters/hr) flushing over the antenna. The interval between stimuli was at least 1
min. Responses were normalized against a common standard that was admin-
istered before and after stimulation with the test compound. In these tests,
2- to 4-day-old laboratory-reared males or feral males captured in sticky traps
were used.

EAG response profiles of D. turti were generated from recordings on male
antennae from typical D. tutti specimens trapped with the 2:100 blend (see
below). D. chrysitis males with typical wing pattern were trapped with the
100: 10 mixture or they were sampled from the F1 generation of the cross-bred
families 6 and 7.

Relative EAG response of an individual male to Z5-10:0Ac (expressed
as percent Z5-10: OAc) was calculated as [response to Z5-10: OAc/(response
to Z5-10:0Ac + response to Z7-10:0Ac)] X 100, using the responses in
millivolts from one of its antennae.

GC-FID and GC-EAD. GC-FID was performed on a Hewlett Packard 5880
GC equipped with a 30-m x 0.25-mm-ID DB-Wax column (J&W Scientific,
Folsum, California). Chromatography with simultaneous FID and electroanten-
nographic detection (FID-EAD) (Am et al., 1975) was performed on a Hewlett
Packard 5830 GC equipped with an effluent split and a DB-Wax column. Hydro-
gen was the carrier gas, and the effluent split ratio was approximately 1:1. The
outlet for the EAD was placed in a purified airstream flowing over the antennal
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preparation at a speed of 0.5 m/sec. The electrophysiological methods were as
described above for the Lund laboratory.

Mass Spectrometry and NMR Spectroscopy. GC-MS with electron impact
ionization (70 eV) was performed on a Hewlett Packard model 5970B GC-MS
system equipped with a 59970B computer system and interfaced with a Hewlett
Packard model 5890 GC. Helium was the carrier gas and the column used was
a 30-m X 0.25-mm-ID DB-Wax column. The GC-MS was operated in the
selected ion monitoring mode for the detection of incorporation of labeled pre-
cursors into pheromone components and intermediates. Acquisition programs
were designed to monitor diagnostic ions of native and labeled methyl esters
and acetates. Selected ions were monitored in groups of two to three depending
on the experiment, and the groups were changed at preset times in the course
of the separation, based on the retention times of synthetic standards. This
allowed selective and sensitive detection of each of the different compounds of
interest. The following diagnostic ions were chosen for the detection of unla-
beled specimens: decenyl acetates m/z 138.15, 10:Me m/z 186.20,
monounsaturated 10:Me m/z 152.20, 12:Me m/z 214.20, monounsaturated
12:Me m/z 180.20, 14:Me m/z 242.25, monounsaturated 14 : Me m/z 208.20,
16 :Me m/z 270.25 and monounsaturated 16:Me m/z 236.25. Corresponding
specimens labeled with 3, 5, and 9 deuterons were monitored at mass fragments
3, 5, and 9 Daltons higher, respectively.

EI mass spectra for documentation of the synthesis of monounsaturated
labeled acids were recorded on a Finnigan 4021 mass spectrometer and high
resolution mass spectra on a VG ZAB instrument.

'H and *C NMR spectra were recorded on a Varian XL-300 spectrometer
in CDCl, solutions with Me,Si as internal reference. The '*C signals for the
deuterated carbon atoms were not assigned.

Field Tests. Trapping experiments with synthetic pheromone components
were carried out in Budakeszi, Pest County, Hungary, between May 26 and
June 12, 1988, and June 1 and August 30, 1989, at Gyongyos, Heves County,
Hungary, between August 20 and September 15, 1989. Sticky traps similar in
shape and size to those described by Am et al. (1979), but made from polyeth-
ylene sheets, were used. Traps were suspended from the branches of trees at a
height of 1.5 m. Male moths captured were taken alive to the lab. In 1988 the
males were transferred to Lund for electrophysiological studies, whereas in 1989
EAG recordings were carried out at the lab in Budapest.

Dispensers for trapping experiments were prepared from pieces of rubber
tubing (Taurus, Budapest, Hungary; No. MSZ 9691/6; extracted in ethanol and
dichloromethane prior to usage). The required amounts of compounds in hexane
solutions were administered to the surface of the dispensers.

Flight-Tunnel Experiments. Experiments were carried out in an open
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Plexiglas flight tunnel 0.9 m wide X 0.9 m high X 2.5 m long, 3-4 hr into the
scotophase. Flight-tunnel conditions were 18-20°C, 35-45% relative humidity,
1 lux, and 0.35 m/sec wind speed. Synthetic mixtures to be tested were applied
to rubber septa (Arthur H. Thomas, Co.) in 100 u! of hexane. The dispensers
were placed on the top of 30-cm-tall metal rods. Males were released individ-
ually into the plume from a cylindrical screen cage with the open end facing
upwind. Six behavioral steps were typically observed in the flight tunnel: wing
fanning (WF), taking flight (TF), orientation (Or), upwind flight 30 cm from
the release cage in the plume (30 cm), flying half the distance between the
source and the release cage in the plume (HW), and source contact (SC). Three
different mixtures were tested, containing 10 pug Z5-10:0Ac and 1 pug Z7-
10: OAc (““chrysitis blend’”), 0.2 pg Z5-10: OAc and 10 ug Z7-10: OAc (rutti
blend), and 5 ug of each compound (intermediary blend), respectively.

Chemicals. Z5-10:0Ac and Z7~10: OAc were purchased from the Insti-
tute for Pesticide Research, Wageningen, The Netherlands. The overall chemical
purity was about 98%, and the purity with respect to geometric isomers was
above 98.5%. Other acetates, alcohols, and aldehydes used for EAG screening
were from the laboratory collection of pheromone components at the Plant Pro-
tection Institute, Budapest, Hungary.

Deuterium-labeled saturated fatty acids were purchased from Larodan Fine
Chemicals, Malmd, Sweden. The deuterium enrichment of these omega-labeled
acids was 99%. The monounsaturated deuterium-labeled fatty acids were syn-
thesized as described below (Scheme 1). The products were purified by flash
chromatography (Taber, 1982) on TLC-Silica gel 60 H (Merck) and argentation
liquid chromatography (Houx et al., 1974). Final products were more than
99.8% isomerically pure. 1,3-Dimethyl-2-oxo-hexahydropyrimidine (DMPU,
or N,N'-dimethylpropyleneurea) was purchased from Fluka AB. Immedlately
before use, it was distilled over CaH, at reduced pressure and kept over 4 A
molecular sieves under an argon atmosphere.

(2)-[13,13,14,14,14,-"H;]1 1-tetradecenoic acid [(Ds)-Z11-14: COOH] (1)
was prepared from 1-(2-tetrahydropyranyloxy)-dodecyne (2.2 g, 8.2 mmol),
n-butyllithium (6.1 ml, 1.42 M in hexane) in dry THF (8 ml) and [H;lethyl

Buli

MPU/THF
CD3(CORK—1  +  HCE2C(CHy)yOThp D3C(CDR),C==C(CHL),,0Thp
x=1 3
x=3 4
1. MeOHH®
Lindtar/M, 2. PDC/DMF

—_— DgC(CDz),C—-C(CHz)wOThp —_— D;,C(CDZ),C=C(CH2),COOH

x=1 1
x3 2

ScHEME. 1.
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iodide (2.2 g, 8.2 mmol) in DMPU (14 ml) according to a method previously
described for similar systems (Bengtsson and Liljefors, 1988; Bengtsson 1988;
Lofstedt and Bengtsson, 1988) yielding 2.1 g (86%) of the product (3, Scheme
1) after flash chromatography. Reduction with Lindlar catalyst (Leznoff et al.,
1977; Wong et al., 1984) gave the (Z)-monoene, which was converted to the
corresponding alcohol by treatment with p-toluenesulfonic acid in methanol.
Oxidation with pyridinium dichromate (PDC) in dry dimethylformamide (DMF)
(Corey and Smidt, 1979) gave the final product (1) in 60% overall yield: m/z
231 (M*, 2%), 213(4), 171(3), 161(2), 151(2), 138(4), 123(6), 110(10), 97(21),
83(29), 73(42), 69(52), 60(58), 55(96), 43(100), 33(3). 'H NMR (300 MHz);
d 1.25-1.28 (m, 12H, CH,CH,), 1.58-1.66 (m, 2H, CH,—C—COOH),
1.97-2.05 (m, 2H, CH,—C=C), 2.35 (t, 2H, CH,—COOH), 5.27-5.37 (m,
2H, CH=CH). *C NMR (300 MHz); 8 24.69, 27.09, 29.05, 29.16, 29.23,
29.39, 29.45, 29.76, 33.84, 129.34, 131.43, 178.89. High-resolution mass
spectroscopy on the corresponding methyl ester: [M1%,. = 245.24031, [M]J,
= 245.23801.

(Z)-[13,13,14,14,15,15,16,16,16-"Hy} 1 1-hexadecenoic acid [(Dg)-Z11-
16: COOH] (2) was prepared as described above for (Ds)-Z11-14: COOH) (1)
from 1-(2-tetrahydropyranyloxy)dodecyne (1.1 g, 4.1 mmol), n-butyllithium (3.1
ml, 1.42 M in hexane) in dry THF (4 ml) and [*Hg]butyl iodide (1.3 g, 6.5
mmol) in DMPU (7 ml) affording 1.1 g (81%) of the product (4) {Scheme 1)
after flash chromatography: m/z 245 M* — 18, 9%), 217(1), 203(6), 177(1),
165(2), 161(6), 150(3), 137(5), 133(4), 123(9), 119(3), 110(16), 96(35), 84(46),
74(93), 69(54), 59(67), 55(100), 41(65), 34(12). '"H NMR (300 MHz); 3 1.26-
1.28 (m, 12H, CH,CH,), 1.58-1.68 (m, 2H, CH,—C—COOH), 1.96-2.05
(m, 2H, CH,—C=C), 2.34 (1, 2H, CH,—COOH), 5.33-5.36 (m, 2H,
CH=CH). 'C NMR (300 HMz); 3 24.67, 27.17, 29.05, 29.91, 29.24, 29.38,
29.44, 29.74, 33.87, 129.80, 129.85, 179.09. High-resolution mass spectro-
scopy on the corresponding methyl ester: [M]). = 277.29672, [M]%, =
277.27782.

RESULTS

Analysis of Female Pheromone Production. Pheromone gland extracts of
individual female Diachrysia were subjected to GC analysis with EAG detec-
tion. Females for extraction were obtained from family rearings (the offspring
of individual field collected gravid females) and antennae from their brothers,
i.e., males from the same family, were used as detectors. Analysis of insects
from typical chrysitis families (predominantly grade 5) yielded two significant
EAD responses. The strongest response was obtained from a compound with
the same retention time as Z5-10:OAc and a smaller response was obtained
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from a compound with the same retention time as Z7-10:OAc. In analyses of
insects from a typical turti family, a small EAD response was obtained at the
retention time of Z5-10:OAc and a larger response at the retention time of Z7-
10:OAc (Figure 1). The structural assignments of the active peaks were cor-
roborated by GC-MS. The two active peaks in both D. chrysitis and D. tutti
gave similar mass spectra, containing the fragments m/z 138 (M—60), 109, 95,
82, 67, 61, and 43 characteristic of decenyl acetates.

Individual females from 12 different families of Diachrysia were analyzed
by GC-FID or GC-MS for ratios of the two decenyl acetates (Figure 2A). In
nine of the 12 families, the family means of percent Z5-10:0Ac were above
75% (range 76-92%). These nine families were assigned D. chrysitis based on
their pheromone production. In the other three families (3, 11, and 12), the
average percent Z5-10: OAc in the pheromone was below 20% (range of family
means 2-15%). These families were tentatively called D. tutti.

Although there was a correlation between wing pattern and pheromone ratio
at the family level, it was obvious that wing pattern cannot be used as a diag-
nostic character for pheromone type. Among those females analyzed for pher-
omone production, all individuals with grade 4 or 5 were of the D. chrysitis
type (>70% Z5-10:0Ac), but females with wing pattern grade 2 and 3 were
found in both the D. chrysitis and D. turti families.

EAG Responses of Diachrysia Families. Eight different families were inves-

D. chrysitis D. tutti

9 ~extract (ﬂj 9 -extract (ﬂ
25-10:0Ac _}} | - Z7-10:04c¢ 25-10:0Ac || || Z7-10:0Ac

FID

B -

Fic. 1. Gas chromatograms of pheromone gland extracts from individual Diachrysia
females on a DB-Wax column with simultaneous FID and EAD.

EAD
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FiG. 2. Ratios of pheromone components produced by individual Diachrysia females
from 12 families (A) and relative EAG responses of males from eight of these families
(B).

tigated with respect to the relative EAG responses of individual males (Figure
2B). The families had been classified as chrysitis or tutti based on predominant
wing patterns and female pheromone production. The assigned chrysitis families
(4-10) responded more strongly to synthetic Z5-10: OAc than to Z7-10:0Ac
{range of family means 56-65), with only a few individuals responding more
strongly to the Z7 than to the Z5 isomer. Unfortunately, only a few laboratory-
reared males belonging to families of the ru#ti type were available, but all s
males (families 3, 11, and 12) responded more strongly to Z7-10: OAc than to
Z5-10:OAc.

Pheromone Biosynthesis. Gas chromatographic analysis of lipid extracts
from glands of D. chrysitis and D. tutti revealed a number of unsaturated fatty
acids that could be involved in the pheromone biosynthesis (Table 2). The
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methyl esters were identified based on the correspondence of their retention
times with those of synthetic standards. No unsaturated decenoates were detected,
but traces of dodecenoates and relatively large amounts of tetradecenoates and
hexadecenoates were identified. Based on the fatty acyl moieties identified,
pathways to the two pheromone components, starting with Z11 desaturation of

TABLE 2. RELATIVE AMOUNTS OF FATTY AcYL MOIETIES IN EXTRACTS OF Diachrysia
tutti AND D. chrysitis

Relative titer”

No. Methyl ester D. chrysitis D. i
{ 12: Me 0.38 + 0.09 1.03 + 0.48
2 Z7-12:Me + +
3 Z9-12:Me + +
4 14:Me 3.42 £ 1.03 7.82 + 1.18
5 Z9-14:Me 843 + 175 5.02 £ 009
6 Ell-14:Me 2.54 £ 0.19 5.03 £0.22
7 Z11-14:Me 0.92 + 0.09 4.92 1+ 1.01
8 16: Me 100 100
9 Z7-16:Me 1.19 + 0.79 1.86 + 0.12
10 Z9-16:Me 10.81 + 2.15 6.54 + 3.00
1 Zii-16:Me 5341 £7.35 82.59 + 15.98

“+ = detected, but below the limit of quantification.

Z11

16:acyl — Z11-16:acyl
l -2C
Z11
14:acyl ————» Z11-14:acyl 79-14:acyl
l -2C l -2C
79-12:acyl Z7.7-12:acyl
l -2C l -2C
Z7-10:acyl Z5-10:acyl
l red/acet l red/acet
Z7-10:0Ac 75-10:0Ac

FiG. 3. Proposed biosynthetic routes to the pheromone components of D. chrysitis and
D, tuni.
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tetradecanoate and hexadecanoate respectively, are proposed (Figure 3). The
suggested pathways were supported by the results of labeling experiments using
deuterium-labeled fatty acid precursors. In D. chrysitis (D3)-16:COOH was
incorporated into both Z5-10: OAc and Z7-10: OAc whereas topical application
of (D3)-14: COOH resulted in detectable amounts of labeled Z7-10: OAc only
(two experiments with each of the precursors). The amount of Z11-14:COO~
relative to Z11-16: COO ™ differed between the D. chrysitis and D. tutti (Table
2). In D. chrysitis, application of (Dg)-Z11-16:COOH (presumed precursor of
Z5-10:0Ac) and (Ds)-Z11-14:COOH (presumed precursor of Z7-10:0Ac)
in a 1:1 ratio resulted in the production of 25% labeled Z5-10:OAc (N = 5},
whereas the average native ratio was approximately 85% Z5-10:0Ac (Figure
4). Application of the same precursors in a 100:2 ratio resulted in labeled
pheromone consisting of 93% Z5-10: OAc (N = 2). The application of these
precursors in a 100: 10 ratio to D. surti resulted in a strongly Z5-10: OAc biased
pheromone ratio (>85% Z5-10:OAc, N = 3) also in this taxon.

EAG Responses of Field-Trapped Males. The EAG responses of male
Diachrysia sp. trapped with three different pheromone blends and classified with
respect to wing pattern were compared with those of the laboratory-reared indi-
viduals. There was a strong correlation between attraction to the different baits
and EAG response; all of the males attracted to the 2:100 mixture of Z5-
10: 0Ac/Z7-10:QAc showed a stronger EAG response to the Z7 than to the
Z5 isomer. The majority of the males attracted to the 100:100 and 100:10
mixtures responded more strongly to Z5-10:0Ac, but the relative EAG
responses of these males covered a wide range from 20 to 72 (Figure 5A).

10 000 - o
5000 v_J\,fL m/z 138.15
0 3

10 000 4

5000 { (Dsrzi00ae m/z 143.15
I A N,

o 3

10000 4
5000 wgzs0:0ac m/z 147.15
/

0 =
110 112 114 116 118

Time (min}

Relative abundance

FiG. 4. GC-MS analyses of pheromone gland extracts from a female Diachrysia chrysitis
gland treated with a 1:1 mixture of (Dg)-Z11-16:COOH and (Ds)-Z11-14: COOH.
miz 138.15 indicates native acetates, m/z 143.15 indicates Ds-labeled and m/z 147.15
indicates Dg-labeled acetates. Labeled specimens elute earlier than the native ones and
their abundances are multiplied by a factor 2.



PHEROMONE DIFFERENCES 103

100+ 100 T
A * Individual males B Individual males
b G Jare mean ® O Wing pattern mean
80 80
fa " : ) ™ P
< : l . .
8 S e 1 . 1 ] i
o P o
0 50 50 i
<o 8 . ' . %b
é =~ 40 R 4 i . .
a
” ' : oV L
*
20 ' . o] ¥ ! .
: H :
104 . 10 .
9 - 2

2100 100100 10010

) 1 2 3 4 5
Lure {ug Z5-10:0A¢/Z7-10:04c) d}) I O O A

Wing pattern

Fi1G. 5. Relative EAG responses of male Diachrysia trapped with different blends of Z5-
10:0Ac and Z7-10:0Ac (A) and correlation between wing pattern type and EAG
response among trapped males (B). Differences in mean EAG response between different
groups in figure B are tested by one-way ANOVA followed by Fisher's protected LSD
test (P < 0.05). Means accompanied by the same letters are not significantly different.

There was also a clear correlation between the wing pattern of field-trapped
males and their relative EAG responses (Figure 5B). Relative responses to Z5-
10: OAc of males with Wp 1 and 2 were significantly lower than those of males
with Wp 4 and 5. The males with Wp 3 formed an intermediate group also with
respect to pheromone response. However, this kind of statistical analysis may
be misleading. Each type of male possessed a wide range of EAG responses,
and it can be seen from the figure that the intermediate mean response of males
with Wp 3 can be explained as the average response of males belonging to the
two extreme types.

EAG response profiles for D. chrysitis and D. rutti were generated by
screening 39 monounsaturated acetates, alcohols, and aldehydes on antennae of
typical chrysitis and turti males, respectively (Figure 6). Males of the two taxa
differed not only in their relative response to the two decenyl acetate isomers
but revealed a general preference towards delta-5 unsaturated (D. chrysitis) or
delta-7 unsaturated (D. turti) compounds in the series of compounds with shorter
chain length.

Behavioral Observations in a Flight Tunnel. D. chrysitis males showed
63% completed responses including source contact to synthetic pheromone of
the D. chrysitis type. Synthetic pheromone of the D. rurti type attracted only
5% (one of 20 males tested), whereas the intermediate synthetic pheromone was
not significantly different from the D. chrysitis type with respect to landing
response (Figure 7).
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FiG. 6. EAG response profiles of D. chrysitis and D. tutti males. The responses of each
male are normalized relative to the activity of the compound being most active for the
respective taxa, i.e., Z5-10:OAc for D. chrysitis and Z7-10: OAc for D. tutti (N = 5).
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FiG. 7. Behavioral response of male D. chrysitis to three different blends of Z5- and
Z7-10:OAc in a laboratory flight tunnel. WF = wing fanning, TF = taking flight, Or
= orientation, 30 cm = upwind flight 30 cm from the release cage in the plume, HW
= flying half the distance between the source and the release cage in the plume, and SC
= source contact. For Or and SC, responses followed by the same letter indicate values
that are not significantly different at the 95% confidence level, according to the method
of adjusted significance levels for proportions (Ryan, 1960).

Each of six males from a Diachrysia family having wing pattern of the
tutti type and females producing pheromone ratios between 4 and 34% Z5-
10: OAc were tested to both the D. chrysitis and D. tutti mixtures. Three males
were first tested on chrysitis pheromone, recaptured, and then after 15 min tested
on the D. rurti pheromone. The other three males were tested on the two blends
in reverse order. All six males responded to both types of pheromone with
completed flights. The relative EAG responses (percent Z5-10: OAc) of these
males varied between 28 and 44 (Figure 2B, family 3).
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Density of Hind Wing Scale Ridges. The density of ridges on the hind wing
scales of the males in family 3 varied between 567 and 500 ridges per millimeter
{mean 539, SD 25) compared with 532 ridges per millimeters earlier reported
for D. turti and 628 ridges per millimeters for D. chrysitis (Bruun, 1987).

DISCUSSION

The results of our study confirm the occurrence of two distinct pheromone
types in D. chrysitis s.1. with respect to female pheromone production and male
electrophysiological and behavioral responses. In contrast, the most easily
observable morphological character, the forewing pattern, seems to overlap sig-
nificantly between D. chrysitis and D. tutti families. In spite of the clear dichot-
omy observed in these pheromone characters, our resuits suggest that cross-
attraction between the two taxa may still occur under natural conditions.

The coupled gas chromatographic—electrophysiological analysis of D. chry-
sitis and D. runti females and the extensive EAG screening of unsaturated ace-
tates, alcohols, and aldehydes indicated no additional pheromone components
to the attractants Z5-10:0Ac and Z7-10: OAc as suggested earlier by Priesner
(1985). Single sensillum recordings revealed two further receptor cells in both
taxa, in addition to those responding to the pheromone components (Priesner,
1985). The additional cells responded to Z7-12:0Ac and Z7-12: OH, respec-
tively. These compounds are common pheromone components in other Plusiinae
species, but they reduced rather than increased trap catches in the Diachrysia
taxa (E. Priesner, unpublished results). In the case of D. chrysitis, the average
percentage of Z5-10:0Ac, 85%, corresponds well with the optimal lure con-
taining 91% Z5-10:0Ac as reported by Priesner (1985), considering that his
series of ratios tested did not include any ratio between 76 and 91% Z5-10:OAc.
Thus, in this case, the average female-produced ratio may be slightly superior
to the standard 100: 10 bait generally used for D. chrysitis and should be tested
further. The average pheromone production for D. tueti found by us, 10% Z5-
10: OAc, is also within the range of baits reported as being most attractive to
D. tumi.

Our experiments on pheromone biosynthesis using deuterium-labeled pre-
cursors confirmed the biosynthesis of the two decenyl acetates from All desat-
uration of palmitic and myristic acids, respectively. Unfortunately, our failure
to rear Diachrysia continuously in the laboratory put limitations on such exper-
iments, but our results are in agreement with the suggested pathways (Figure
3). The identification of a compound with the characteristics of E11-14:Me in
the total lipid extracts appears somewhat strange as no E isomer acetates are
produced. However, in pyralid, yponomeutid, and tortricid moths the £- and
Z11-14:acyl isomers often occur in combination (Wolf et al., 1981; Lofstedt
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et al., 1991; Bjostad and Roelofs, 1986). The specific E/Z ratio appears to be
produced by selective reduction of the precursors. In the European corn borer,
Ostrinia nubilalis, both the E and the Z strains contain the E- and Z11-14:acyl
precursors, but the E strain converts the E isomer and the Z strain the Z isomer
selectively (Roelofs et al., 1987; Zhu et al., unpublished). In Diachrysia spp.
the chain-shortening enzyme (or the reductase) may interact selectively with the
Z isomers. The relative titer of Z11-14:acyl is higher in D. usti than in D.
chrysitis, which corresponds to the larger amount of Z7-10: OAc produced by
D. tutri. Incubation with labeled precursors in naturaily occurring ratios resulted
in formation of labeled acetates close to native ratios in D. chrysitis but not in
D. turti. One explanation for this may be, as demonstrated in experiments with
other moths, that acyl moieties from gland extracts are not only precursors but
also leftovers, which biosynthetically may constitute different pools in the cells
(Bjostad and Roelofs, 1986).

Looking at the range of ratios produced by females and the EAG responses
of males in the laboratory-reared families, we found considerable individual
variation. It may, however, be noted that there was no overlap in either pher-
omone production or male EAG response ratios between individual insects
belonging to the families classified as D. chrysitis (1, 2, 4-10) and the remaining
three (3, 11, 12) assigned D. rurti. Family 3 attracted our attention, as the mean
percentage Z5-10:0Ac produced by females from this family appeared to be
higher than in the optimal blend for trapping of D. ruzti (Priesner, 1985). Males
from this family also showed a mixed response when tested in the flight tunnel
and responded equally well to the D. tutti and the D. chrysitis blends, One
possible interpretation is that this family was produced by hybridization of the
two taxa. However, the density of ridges on the hind wing scale for this family
was congruent with the data given by Bruun (1987) for typical D. rutti.

A prerequisite for hybridization to take place is that cross-attraction occur
under natural conditions. Males trapped with the chrysifis blend seem to be
predominantly of the chrysitis EAG type. Several of the males attracted by this
blend, however, had an EAG response, based on the results with laboratory-
reared insects, that could be classified as D. rurti. This is an indication of cross-
attraction; but one cannot assume that there is perfect correlation between EAG
response type and behavioral response type. In O. nubilalis, the best known
moth with respect to pheromone genetics, it was found that electrophysiological
characteristics of the male antenna were determined by an autosomal locus,
whereas the male behavioral response type was determined by a locus on the Z
chromosome (Hansson et al., 1987; Roelofs et al., 1987). The major difference
in female pheromone production is determined by a third locus, and all factors
segregate independently upon hybridization. The occurrence of males with ruzti-
type EAG in the traps baited with chrysitis pheromone can thus be interpreted
in two ways: It may actually indicate cross-attraction, or some males of the
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chrysitis behavioral response type may show tutti EAG response. In the latter
case, the lack of correlation between electrophysiological and behavioral response
may, however, just as well suggest cross-attraction and hybridization in earlier
generations. We tried to establish laboratory cultures of D. chrysitis and D. rutti
to dissect the genetics of the pheromone differences, but without success. Svens-
son et al. (1989) were unable to establish clear-cut allozyme differences between
moths trapped by D. nutti and D. chrysitis pheromone and suggested that this
could be due to mixing samples by cross-attraction. It would be interesting to
investigate allozyme variation in family-reared moths as well as EAG-charac-
terized field-trapped males. The probability of cross-attraction under natural
conditions should be larger with females than with synthetic baits as the average
insect-produced isomer ratios for the two taxa are more similar than the standard
synthetic lures used. This issue may, however, be further complicated by dif-
ferences in diel periodicity of sexual activity between the two taxa.

The indication of cross-attraction and potential hybridization between D.
chrysitis and D. turti is interesting but not surprising. Although the two taxa use
Z5-10:0Ac and Z7-10:0Ac in an almost opposite ratio, the difference in
pheromone composition between them is less than has been found between the
two pheromone strains of O. nubilalis. In O. nubilalis the so-called E strain
produces and responds preferentially to an approximately 99 : 1 mixture of E11-
and Z11-14: OAc, whereas the Z strain uses the opposite mixture (Kochansky
et al., 1975; Klun and cooperators, 1975). In spite of these extreme pheromone
differences, cross-attraction is significant and hybrids are frequently formed in
areas where the two strains cooccur (Klun and Huettel, 1988).

What will happen in a pheromonally mixed population is an open question.
D. chrysitis and D. rurti are sympatric in large parts of their area of distribution,
but differences in flight periods and habitat preferences have been noticed. Pries-
ner (1985) and Rezbanyai-Reser (1985) concluded that the two taxa probably
diverged allopatrically with respect to sex pheromones, flight phenology, and
habitat preferences, but that isolation may be incomplete in areas of secondary
contact. If there is any significant selection against cross-attraction depends on
the incidence of cross-attraction and the fitness of potential hybrids. With no
significant selection against hybridization, the two taxa may eventually merge
as a result of hybridization in sympatry. This possibility was suggested by
Rezbanyai-Reser (1985).

Male moths normally respond to a much broader range of pheromone com-
ponent ratios than are produced by conspecific females (Lofstedt, 1990 and
references therein). Males cannot afford to be “‘choosy’’ as females are the
limiting sex. Complete pheromonal isolation between two taxa may not be
expected to develop based on differences in ratios of two components. Accord-
ingly, with respect to D. chrysitis and D. tutti, increased specificity of the sex
pheromones would require the employment of additional pheromone compo-
nents, for which we found no evidence so far.
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Abstract—Chemical analysis of whole body extracts and volatiles produced
by feeding males Dryocoetes affaber (Mann.) disclosed ( +)-exo-brevicomin
and (+)-endo-brevicomin [(+)EXOB and (+)ENDOB], as the major insect-
produced potential pheromones. Laboratory bioassays and field-trapping
experiments demonstrated that (+)ENDOB is the main pheromone compo-
nent, and (—)ENDOB has an inhibiting effect. EXOB either as (+) or (+)
appears to be a multifunctional pheromone. It has a synergistic effect in blends
of EXOB and ENDOB in ratios up to 1: 1, and it is inhibitory at higher ratios.
(—)EXOB was inactive. The most attractive blend for D. affaber was a 1:2
blend of (+)EXOB and {+)ENDOB. When this blend was compared with a
9: 1 blend, the best known blend for Dryocoetes confusus Swaine, the responses
by beetles of each of the two species were highly specific, providing evidence
for pheromonal exclusion between the two congenerics. We conclude that the
combined effect of chirality and the ratio of geometrical isomers of brevicomin
determines both the level of response and the species-specificity of the chem-
ical signal in D. affaber.
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INTRODUCTION

Dryocoetes affaber (Mann.) infests Picea spp., and has been reported from
Abies, Pseudotsuga, Larix, and Pinus spp. It is the most widespread member
of the genus in North America, ranging from Alaska and eastern Canada to
New Mexico and North Carolina (Bright, 1963, 1976). The males are polygy-
nous and are the first to attack the bole of weakened trees (Keen, 1952; Furniss
and Carolin, 1977). The life cycle is poorly known, but in Colorado it appears
to have one generation per year and overwinters as adults (McCambridge and
Knight, 1972).

Furniss et al. (1976) observed attraction of D. affaber and D. autographus
(Ratzeburg) to uninfested spruce logs and to one or more semiochemicals (trans-
verbenol, verbenol, seudenol, and frontalin), produced by spruce beetles, Den-
droctonus rufipennis (Kirby). Evidence for secondary attraction in other Dry-
ocoetes spp. has been reported (Nilssen, 1979; Stock and Borden, 1983).
European male D. autographus produce exo- and endo-brevicomin (7-ethyl-5-
methyl-6,8-dioxabicyclo[3.2.1]Joctane); (+)-endo-brevicomin was attractive to
females in field tests, while the antipode was inactive (Kohnle and Vité, 1984;
Kohnle, 1985). (Herein, we use EXOB for exo-brevicomin and ENDOB for
endo-brevicomin; blends are referred to as EXOB: ENDOB, in that sequence).
Males of the western balsam bark beetle, Dryocoetes confusus Swaine, produce
EXOB and ENDOB, mostly as (+) enantiomers (Schurig et al., 1983); trans-
verbenol, verbenone, and myrtenol have also been identified from males in this
species (Borden et al., 1987; Stock, 1991).

D. confusus is sympatric with D. affaber in the subalpine forests of British
Columbia, wherein mixtures of (+)EXOB and (+)ENDOB at a 9:1 ratio opti-
mally attract D. confusus. At a 1:1 ratio, either as (1) or (+) enantiomers, D.
affaber was attracted rather than D. confusus, which suggested the existence of
an isolation mechanism based on the chirality and the ratio of EXOB and ENDOB
(Camacho et al., 1993).

Our objectives were: (1) to isolate and identify the major volatiles produced
by feeding male D. affaber, (2) to determine the most attractive combination of
these insect-produced volatiles, (3) to investigate the role of chirality in the
system, and (4) to elucidate mechanisms of pheromone-based species specificity
between D. confusus and D. affaber.

METHODS AND MATERIALS

Collection of Insects and Hosts. Bolts of Engelmann spruce, Picea engel-
mannii Parry, both healthy and infested with D. affaber, were obtained from
trees felled near Merritt, British Columbia. The infested bolts were placed in
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screened cages in the laboratory at 20-21°C. Emerging beetles were sexed and
kept on moistened paper at 5°C until used in laboratory bioassays.

Collection and Analysis of Volatiles. Groups of male or female beetles
were placed individually in preformed entrance holes in fresh spruce logs. The
beetles were allowed to bore into the phloem tissue for three days and were then
excised from the phloem. Extracts were prepared by crushing whole beetles in
pentane held over Dry Ice; the liquid fraction was recovered and stored at
—29°C. Another batch of spruce logs was infested in the laboratory with male
or female D. affaber and placed in aeration chambers. The emanating volatiles
were captured on Porapak-Q and recovered by extracting it with pentane (Pierce
et al., 1981).

The whole-body extracts and the volatiles from infested logs were analyzed
by gas chromatography (GC) using Hewlett Packard S830A and 5880A instru-
ments equipped with capillary inlet systems, flame ionization detectors, and
open tubular glass columns (30 m X 0.5 mm ID) coated with SP-1000 (Supelco,
Bellefonte, Pennsylvania). The temperature program was 70°C for 2 min, then
4°C/min to 180°C, and holding for 20 min. The enantiomeric composition of
EXOB and ENDOB was determined by analysis of the volatiles from feeding-
male whole-body extracts on a Chirasil-Dex (8) column (25 m X 0.25 mm ID)
(V. Schurig, University of Tiibingen, Germany). Coupled gas chromatography-
mass spectrometry (GC-MS) was performed with a Hewlett Packard 5895A
GC-MS fitted with a fused silica column (30 m X 0.33 mm ID) coated with
SP-1000 (J&W Scientific, Inc., Folsom, California). Helium was the carrier gas
for the GC and GC-MS.

Synthetic Pheromones. (+)EXOB (96.3% pure with 2.5% ENDOB) and
(+£)ENDOB (96.4% pure with 0.4% EXOB), were obtained from Phero Tech
Inc., Delta, British Columbia. Optically pure brevicomins were synthesized by
B.D. Johnston (Department of Chemistry, Simon Fraser University), according
to the procedures developed by Johnston and Oehlschlager (1982) and Oehl-
schlager and Johnston (1987); formulations included (+)ENDOB (98.8% and
90.15% chemically and optically pure, respectively), (—)ENDOB (97.8% and
91% chemically and optically pure, respectively), and (—)EXOB (96.4% and
92.6% chemically and optically pure, respectively). For field experiments con-
ducted in 1992, we also employed (+)EXOB (98.79% and 94.0% chemically
and optically pure, respectively). The Sharpless asymmetric dihydroxylation
(Sharpless et al., 1991) was used for the synthesis (E.K. Czyzewska, Depart-
ment of Chemistry, Simon Fraser University, unpublished). Blends of EXOB
and ENDOB were prepared by weight, and ratios referred to below are on a
weight-to-weight basis.

Determination of Ratio in Vapor Phase. The ratio in vapor phase was
determined for the 1:2 formulation of (4)EXOB:(+)ENDOB. Two glass cap-
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illary tubes (1.0 mm ID) sealed at one end, containing 12 il of the 1:2 blend,
were kept inside open 400-ul polyethylene tubes at 24-26°C. Vapor-phase sam-
ples were taken from the plastic tube at 24, 40, 48 and 70 hr after formulation
and analyzed by GC as above.

Laboratory Bioassays. Experiments on responses to EXOB and ENDOB
and their blends were performed using walking beetles in an open arena olfac-
tometer (Wood and Bushing, 1963; Stock and Borden, 1983). Groups of 10
beetles of either sex were exposed for 2.5 min. to an airstreamn (500 ml/min)
containing volatile stimuli applied in 10 ul of pentane to a filter paper wick.
The solvent was used as a control. Room temperature was 20-21°C and room
lighting was diffuse and of low intensity (22.57 lux). A series of 1-pg stimuli
consisting of (+)EXOB, (+)ENDOB, and binary blends of these compounds
at ratios of 3:1 (the natural ratic), 2:1, 1:1 [reported attractive {(Camacho et
al., 1993)], 1:2, 1:3, and 1:6 were tested. We tried to cover a wide range of
possible combinations excluding those with high content of (+)EXOB, reported
attractive for D. confusus (Camacho et al., 1993).

Field Experiments. Trapping experiments were conducted in a forest of
Engelmann spruce and subalpine firs, Abies lasiocarpa (Hook.) Nutt., 40 km
west of Merritt, British Columbia. Multiple funnel traps (Lindgren, 1983) (Phero
Tech Inc.), were placed 15 m apart in randomized complete blocks, with 9-20
replicates per experiment. The release rates, either as single compounds or as
blends, were approximately 0.2 mg/24 hr at 27°C from each glass capillary
(10. mm ID), as determined in the laboratory (Stock et al., 1990). In the forest,
the release rates are temperature dependent.

Experiment 1, conducted in 1992, tested blends of (+)EXOB and
(+)ENDOB at the following ratios: 3:1 (found in the aerations of male infested
logs) 1:1 [attractive for D. affaber (Camacho et al., 1993)], 1:2 (from the
results of laboratory bioassays), 1:10 (attractive to D. affaber in other field
experiments, J.H. Borden, unpublished), and an unbaited control.

Experiments 2-4 investigated the question of enantioselectivity. In 1991,
experiment 2 tested the attractiveness of (£), (—), and (+)ENDOB, and blends
of EXOB:ENDOB in the following combinations of enantiomers (1):(1),
(+):(—) and (+4):(+). Experiments 3 and 4 in 1992, tested EXOB:ENDOB
blends of (—):(+), (+):(+), and (+):(+) (experiment 3), and (—):(—),
(+):(~) and (+):(+) (experiment 4). The (+):(+) combination was always
present in experiments 2-4. In all cases, blends of EXOB:ENDOB were in a
1:1 ratio.

Experiment 5 utilized the best blends of EXOB: ENDOB established in
previous experiments for D. affaber and D. confusus and challenged their capac-
ity to maintain species specificity. We used (+)EXOB:(+)ENDOB at a 9:1
ratio for D. confusus (Camacho et al. 1993) and (+)EXOB:(+)ENDOB at a
1:1 ratio (i.e., a 1:2 ratio of (+) enantiomers) for D. affaber.

Statistical Analysis. Laboratory bioassay results were analyzed by one-way
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analysis of variance (ANOVA) and the Ryan-Einot-Gabriel-Welsch multiple F
or “REGWF’’ test (Schlotzhauer and Littell, 1987) utilizing percentages of
positive responders converted to p’ = arcsine vp, to approximate a normal
distribution (Zar, 1984). Percent values of 0% were recorded as 1/4 n to improve
the transformation (Bartlett, 1937). For field trapping experiments we used two-
way ANOVA and the REGWF test on numbers of beetles captured transformed
by x' = log (x + 1), to remove heteroscedasticity (Zar, 1984). In all cases o
= 0.05. Treatments with zero catches were excluded from statistical analyses.
All analyses employed SAS computer software (SAS Institute, 1990).

RESULTS AND DISCUSSION

Identificarion of Candidate Pheromones. (+)EXOB and (+)ENDOB in a
1.7:1 ratio were conspicuous insect-produced compounds found by GC-MS
analysis in whole-body extracts of males. Volatiles emanating from male-infested
logs also contained (+)EXOB and ( +)ENDOB; in this case the ratio was 3.04: 1
(Figure 1). Small amounts of EXOB of undetermined chirality were detected
from feeding females in logs.

In laboratory bioassays, blends of (+)EXOB: (+)ENDOB in the ratio range
between 2:1 and 1:2 elicited the highest levels of response from female D.
affaber; males showed some preference for blends in the ratio range between
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Fic. 1. Gas-liquid chromatogram of Porapak Q-trapped volatiles produced by male
Dryocoetes affaber feeding in fresh bolts of Picea engelmannii, showing exo-brevicomin
and endo-brevicomin in a 3:1 ratio.
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3:1 and 1:2 (Figure 2). Both sexes showed the highest numerical response to
the 1:2 ratio. The response to (+)EXOB or to (+)ENDOB presented individ-
ually was very low.

Ratio in Vapor Phase. The 1:2 blend of (+)EXOB:(¢)§NDOB formu-
lated by weight was confirmed by GLC analysis. The ratios (X + SD) deter-
mined by GLC analyses of vapor phase samples after 24, 40, 48, and 70 hr
were: 1:1.3 + 0.015, 1:1.7 & 0.03, 1:1.6 £+ 0.015, and 1:1.7 + 0.015,
respectively. Differential volatility of EXOB and ENDOB caused only minor
changes from the formulated ratio in the proximity of the release device. Mod-
ifications of this ratio are to be expected at further distances from the release
point as a result of diverse environmental factors (e.g., temperature, turbulence)
that affect the pheromone plume in the forest (Murlis et al., 1992).

Field Experiments. The highest response from both males and females in
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FiG. 2. Response of Dryocoetes affaber in laboratory bioassays to 1 pg stimuli of (+)-
exo-brevicomin (EXOB), (+)-endo-brevicomin (ENDOB) and six blends of the two
isomers at different ratios. Fifty beetles of each sex tested per stimulus. Response to
pentane controls: male 4%, females 6% . Percents with the same letter are not signifi-
cantly different, Ryan-Einot-Gabriel-Welsh multiple F test, P < 0.05.
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experiment 1 was elicited by the (+):(+) blend at the 1:2 ratio (Figure 3). As
in the laboratory (Figure 2), the natural 3:1 blend was poorly attractive. Blends
of 1:1 and 1:10 (+)EXOB: (+)ENDOB attracted significantly less D. affaber
of both sexes than did the 1:2 blend.

For Lepidoptera, it is generally accepted that optimum blends of pheromone
components closely approximate the natural ratio emitted by the producing sex.
However, production and reception genes are not linked (Roelofs et al., 1987).
Response to different blends could indicate missing elements in the chemical
message (Baker, 1989). It is possible that environmental factors could alter the
pheromone plume from the natural 3:1 ratio to more attractive ratios. Other
effects such as geographical and individual variation (Miller et al., 1989), phys-
iological changes due to manipulation and storage, or mechanisms of avoidance
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Fic. 3. Numbers of Dryocoetes affaber caught in experiment 1 in traps baited with
blends of (+)-exo-brevicomin (EXOB) and (+)-endo-brevicomin (ENDOB) in four ra-
tios; 10 replicates, July 7 to August 5, and 10 replicates August 5-20, 1992, Bars with
the same letter are not significantly different, Ryan-Einot-Gabriel-Welsh multiple F test,
P < 0.05.
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of competition for pheromonal channels, could help to explain the observed
difference between pheromone production and response in D. gffaber.

Our results suggest that in D. affaber there is considerable tolerance to
variation in ratios of pheromone components, as reported for other bark beetles
(Schlyter et al., 1987; Byers, 1988) and moths (Linn and Roelofs, 1989). This
plasticity could be of selective advantage for secondary bark beetles. For D.
affaber, plasticity would be restricted to EXOB: ENDOB blends that comprised
>50% ENDOB.

There was a decrease in response to ENDOB by both sexes in experiment
2, from (+) to (4) and finally {—), indicating that the (+) enantiomer is the
active component; response to the blends indicates that the antipode is inhibitory
(Figure 4). The 1:1 blend of (+)EXOB:(+)ENDOB was the most attractive,
indicating that synergism occurs between EXOB and ENDOB, but not disclosing
which enantiomer of EXOB is active. This question was resolved by experiment
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Fic. 4. Numbers of Dryocoetes affaber caught in experiment 2 to traps baited with (+),
{(—), and (3)-endo-brevicomin (ENDOB) and blends of (:)-exo-brevicomin (EXOB)
and (ENDOB) mixed in a [:1 ratio, in three enantiomeric combinations, nine replicates,
August 9 to September 25, 1991. Bars with the same letter are not significantly different,
Ryan-Einot-Gabriel-Welsh multiple F test, P < 0.05.
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3, in which (+) or (+) EXOB in combination with (+)ENDOB elicited the
highest levels of response (Figure 5). These results indicate that (+)EXOB is
active and that (—)EXOB is inactive. The partial activity of the (—):(-+) blend
(Figure 5) can be attributed to the 7.4% (+)EXOB impurity. In experiment 4,
binary blends containing only (—)ENDOB were not attractive (Figure 6), con-
firming that (+)ENDOB is the active enantiomer.

To facilitate interpretation of enantioselectivity, the pooled results of exper-
iments 2-4 (all conducted in the same forest stand) were plotted as propor-
tions (percentages), with response to the most attractive treatment
[(+)EXOB:(+)ENDOB in a 1:1 ratio] nommalized to 100% (Figure 7). It
should be noted that a 1:1 ratio of (+)EXOB:(+)ENDOB resuits ina 1:2
ratio of the active (+) enantiomers, the most attractive ratio of geometrical
isomers found in experiment 1 (Figure 3). Figure 7 shows evidence for the
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FiG. 5. Numbers of Dryocoetes affaber caught in experiment 3 to traps baited with chiral
combinations of exo-brevicomin (EXOB) and (+)-endo-brevicomin (ENDOB) all in a
1:1 ratio, 10 replicates June 16 to July 7, and 10 replicates, July 7-23, 1992. Bars with
the same letter are not significantly different, Ryan-Einot-Gabriel-Welsh multiple F test,
P < 0.05.
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Fic. 6. Numbers of Dryocoetes affaber caught in experiment 4 to traps baited with
enantiomeric combinations of exo-brevicomin (EXOB) and endo-brevicomin (ENDOB)
all in a 1:1 ratio, 10 replicates, July 22 to August 20, 1992. Bars with the same letter
are not significantly different, Ryan-Einot-Gabriel-Welsh multiple F test, P < 0.05

combined effect of optical and geometrical isomerism. (+)ENDOB (top row)
is revealed to be the major component in the chemical signal. The capacity for
(—)ENDOB to cause an inhibition of response to its antipode is shown in the
second row from the top (Figure 7).

Synergism between (+)EXOB and (+)ENDOB, either as (+):(+) or
(£):(+) blends, is disclosed in the two columns on the left of Figure 7.
(+)EXOB is multifunctional, as at high ratios it is inhibitory (Figure 2), just
as (+)ENDOB is for D. confusus (Camacho et al., 1993).

Cooccurrence of the (—) enantiomers of EXOB and ENDOB has an inhib-
itory effect for D. confusus (Camacho et al., 1993) and the European D. auto-
graphus (Kohnle and Vité, 1984). It is probable that a similar effect occurs in
D. affaber (Figure 7).

When the best blends of EXOB: ENDOB for D. confusus (Camacho et al.,
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Fig. 7. Summary of pooled results obtained in experiment 2-4. Data normalized so that
100% response occurs to the blend of (+)-exo-brevicomin: (+)-endo-brevicomin in a
1:1 ratio.

1993) and D. affaber (Figures 2-7) were tested in the same location in exper-
iment 5, there was a very clear demonstration that the responses of the two
sympatric Dryocoetes spp. to blends of EXOB:ENDOB were highly species-
specific (Figure 8). The numbers of D. confusus captured in response to the 1:2
blend, and of D. affaber attracted by the 9: 1 blend were not statistically different
from the captures obtained with unbaited traps (Ryan-Einot-Gabriel-Welsh mul-
tiple F test, P < 0.05). Our results support the hypothesis of semiochemical-
based reproductive isolation advanced by Camacho et al. (1993), and we con-
clude that a mechanism of pheromonal exclusion based on the ratio of
EXOB : ENDOB and on discrimination of enantiomers exists between D. affaber
and D. confusus.

D. affaber is not sympatric with D. confusus over much of its range (Bright,
1963, 1976). The evolutionary forces operating in the development of fine tuning
of pheromone channels when closely related species are in sympatry would not
exist in allopathy. Therefore, we hypothesize that character displacement of
pheromones could occur in D. affaber where it is sympatric with D. confusus.
Studies on D. affaber pheromones in other areas might well disclose consider-
able variation in the production of and response to pheromones.

Practical Implications. Our results reaffirm that if attractive semiochemicals
are to be used efficiently against D. confusus, e.g., to contain and concentrate
infestations prior to logging (Stock et al., 1993), regulation of the composition
and chirality of semiochemical baits is critical. Conversely, the evidence that
ENDOB is a multifunctional pheromone for D. confusus (Camacho et al., 1993)
is now stronger; it is involved in attraction at low ratios and is repellent at higher
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FiG. 8. Numbers of Dryocoetes affaber and D. confusus caught in experiment 5 to traps
baited with optimal blends for each species of exo-brevicomin (EXOB) and endo-
brevicomin (ENDOB), 10 replicates, June 16 to July 7, 1992. Bars with the same letter
within each species are not significantly different, Ryan-Einot-Gabriel-Welsh muitiple F
test, P < 0.05. Note that a 1:1 ratio of (+)EXOB:(+)ENDOB results in a 1:2 ratio
of (+) enantiomers.

ratios with EXOB (Figure 8). Thus according to our results, the use of ENDOB
to prevent or deter attack by D. confusus in high hazard stands (Stock et al.,
1990; Stock, 1991), requires a formulation with appropriate enantiomeric com-
position released at adequate rates.

Borden (1992) proposed some novel tactics for the use of semiochemicals,
among them the use of pheromone-induced competitive displacement of tree-
killing bark beetles by secondary species. This method of biological control was
proposed for mountain pine beetles (MPB), Dendroctonus ponderosae Hopkins.
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MPB can be effectively displaced by pine engravers, Ips pini (Say), which
rapidly utilize all available phloem tissue (Rankin and Borden, 1991). D. affaber
is often present in large number in hosts infested by the spruce beetle, Den-
droctonus rufipennis (Kirby), and is involved in the mortality due to interspecific
competition (McCambridge and Knight, 1972). If it can displace D. rufipennis,
as occurs between I. pini and MPB, biological control of the spruce beetle
through semiochemically induced competitive displacement with D. gffaber may
be possible.
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Abstract—The feeding and gustatory responses to ecdysone and 20-hy-
droxyecdysone were investigated in the silkworm, Bombyx mori.
20-Hydroxyecdysone reduced feeding response strongly in fourth- and fifth-
instar larvae, whereas ecdysone had no effect on feeding response.
20-Hydroxyecdysone stimulated the R receptor, the receptor to feeding deter-
rents, to a great degree. By contrast, ecdysone was much less effective for
stimulating the R receptor. These results indicate that ecdysone and
20-hydroxyecdysone have different effects on feeding response due to different
interactions with mouthpart chemoreceptors.

Key Words—Bombyx mori, Lepidoptera, Bombiridae, silkworm, larvae,
ecdysone, 20-hydroxyecdysone, feeding behavior, electrophysiology, sensilla
response, chemoreceptors.

INTRODUCTION

Ecdysone and 20-hydroxyecdysone are the two major insect molting hormones,
but ecdysone is usually thought to be the precursor of the active hormone,
20-hydroxyecdysone (Smith, 1985). However, different effects of the two ecdy-
steroids have been found in some cases (Oberlander, 1969; Clever et al., 1973;
Quennedey et al., 1983; Robert et al., 1986; Perriere et al., 1993).

Recently, we succeeded in inducing 11 larval ecdyses, i.e., seven additional
larval ecdyses (ultranumerary larval ecdyses), with low montality by the appli-
cation of ecdysone in the silkworm, Bombyx mori (Tanaka and Takeda, 1993a),

*To whom correspondence should be addressed.
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and found that dietary supplements of ecdysone and 20-hydroxyecdysone affect
larval development differently (Tanaka and Takeda, 1993b). Our results suggest
that ingested ecdysteroids affect endocrine organs differently (Tanaka and Tak-
eda, 1993b), but further detailed study is needed to explore the different effect
of the two ecdysteroids on development.

20-Hydroxyecdysone affects insect development by inhibiting feeding
behavior (Ma, 1972; Schoonhoven and Derksen-Koppers, 1973; Jones and Fim,
1978), whereas the effect of ecdysone on feeding behavior has not been inves-
tigated in detail (Jones and Fim, 1978). It is possible that ecdysone has a
different effect on feeding behavior from 20-hydroxyecdysone, because our pre-
liminary results show that the amount of feces from larvae reared on the diet
supplemented with ecdysone was apparently different from that of larvae reared
on the diet supplemented with 20-hydroxyecdysone.

In this study, we report on the different effects of ecdysone and
20-hydroxyecdysone on the feeding behavior of Bombyx mori.

METHODS AND MATERIALS

Insect Rearing. The C145 X N140 race of Bombyx mori was used in all
experiments. Larvae were reared on artificial diet (Yakuit Co. Ltd.) at 25 +
1°C under a photoperiod of 12 hr light and 12 hr dark.

Feeding Response. The larvae used in the experiment were freshly molted
larvae (second to fifth instar) within 6 hr after ecdysis. Ten larvae were used in
each experiment, and each experiment was replicated three times. The amount
of diet actually eaten was estimated by the difference in the dry weight of the
diet before and after testing.

Chemicals. Ecdysone and 20-hydroxyecdysone (Sigma Chemical Com-
pany) were dissolved in 5% ethanol and added to the diets during diet prepa-
ration. Concentration of ecdysteroids were expressed as parts per million (ppm)
of dry matter.

Electrophysiological Response. The larvae used in electrophysiological
experiment were newly molted fifth instars. The chemoreceptor tested was the
R receptor associated with one of the sensilla styloconica (called the Ss-II hair
for easy reference) on the maxilla (Ishikawa, 1963).

The electrophysiological methods used in the experiment were the same as
described by Ishikawa (1963). The isolated head was fixed on an indifferent,
platinum wire electrode. Stimuli were aqueous solutions contained in the stim-
ulating recording electrodes. Stimulation and recording were started simulta-
neously when the electrode was slipped over the tip of the hair by means of a
micromanipulator. The signal was amplified, observed on a cathode ray oscil-
loscope, and displayed on paper by thermal array recorder. The period of stim-
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ulation was 1 sec. Ecdysone and 20-hydroxyecdysone were dissolved in 2 X
1072 M NaCl solution. Concentrations of ecdysone and 20-hydroxyecdysone
were expressed as ppm in 2 X 1072 M NaCl solution.

RESULTS

Feeding Response. The effects of ecdysone and 20-hydroxyecdysone on
feeding behavior were investigated in fifth-instar larvae. Larvae were fed on a
diet supplemented with 100 ppm ecdysone or 100 ppm 20-hydroxyecdysone for
36 hr following onset of feeding. The larvae fed on a diet supplemented with
ecdysone entered larval apolysis (head capsule slippage occurred) within 36-48
hr, but the amount of diet eaten during the 24 hr following onset of feeding was
not different from the control (Figure 1). By contrast, the larvae fed on a diet
supplemented with 20-hydroxyecdysone did not enter apolysis. They did not
begin spinning within 48 hr (data not shown) and continued to feed, but the
amount of diet eaten was reduced compared with the control. Feeding activity
was markedly diminished during the 12 hr following onset of feeding. The
amount of diet eaten was reduced by 33% of the control. Feeding activity
recovered to normal immediately following the first 12 hr.

Feeding activity during the 12 hr following onset of feeding decreased in
accordance with the concentration of 20-hydroxyecdysone (Figure 2).
20-Hydroxyecdysone at more than 50 ppm was effective in reducing feeding,

0.20 -

Amount of diet eaten (g/larva)

2036
Hours after onset of feeding

FiG. 1. Effect of ecdysone and 20-hydroxyecdysone on feeding activity of newly molted

fifth-instar larvae. The amount of diet eaten is indicated as dry weight per 12 hr. Bars

indicate the standard deviations. &: control, [J: ecdysone (100 ppm), [J: 20-hydroxyecdysone
(100 ppm).
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FiG. 2. Effect of different concentrations of ecdysone and 20-hydroxyecdysone in diet
on feeding activity of newly molted fifth-instar larva. Relative feeding activity is indicated
by the ratio of the amount of diet eaten to that of the control larvae during 12 hr following
onset of feeding. Bars indicate the standard deviations. ®: ecdysone, O: 20-hy-
droxyecdysone.

and ecdysone had neither an inhibitory nor stimulatory effect on feeding activity
at any concentration tested.

Next, we investigated the relationship between the developmental stage of
the larva and the feeding response to ecdysone and 20-hydroxyecdysone. Feed-
ing activity during the 12 hr following onset of feeding at different concentrations
of ecdysone and 20-hydroxyecdysone were investigated from the second to fifth
instars (Figure 3). 20-Hydroxyecdysone tended to reduce feeding activity by
second- and third-instar larvae but the deterrent effects were pronounced for
fourth- and fifth-instar larvae. 20-Hydroxyecdysone at more than 100 ppm mark-
edly reduced feeding in the fourth- and fifth-instar larvae. By contrast, ecdysone
had little effect on feeding activity at any instar regardless of the concentration.

Electrophysiological Study. Electrophysiological responses of the R recep-
tor also differed between ecdysone and 20-hydroxyecdysone (Figure 4).
20-Hydroxyecdysone at 100 ppm in 2 X 1072 M NaCl solution stimulated the
R receptor to discharge many impulses (R impulses), but ecdysone at 100 ppm
was much less effective (Figure 4). The discharge frequency of R impulses
increased with increasing concentrations of 20-hydroxyecdysone (Figure 5). Even
1 ppm 20-hydroxyecdysone stimulated the R receptor to a great degree. On the
other hand, ecdysone only slightly stimulated the R receptor. The discharge
frequency slightly increased according to the increase in the concentration of
ecdysone, but the response to 100 ppm ecdysone was much lower than the
response to 1 ppm 20-hydroxyecdysone.



RESPONSES BY SILKWORM LARVAE 129

0.4 4
0.2

8.0 ¥ T T
] 50 100 150 200

Relative feeding activity

0.0 T T T T
0 S0 100 150 200

Concentration (ppm)

FiG. 3. Effect of different concentrations of ecdysone and 20-hydroxyecdysone on feed-
ing activity from the second to fifth instar. Relative feeding activity is indicated by the
ratio of the amount of diet eaten to that of the control larvae during the 12 hr following
onset of feeding at each instar. Bars indicate the standard deviations. (A) ecdysone, (B)
20-hydroxyecdysone. ®: second instar, [1: third instar, A: fourth instar, x: fifth instar,



130 TANAKA ET AL.

| sec

F1G. 4. Recorded impulse from medial styloconic sensillum (the R receptor). All records
are from same sensillum. (A) Control (2 X 10~2 M NaCl solution), (B) ecdysone (100
ppm in 2 X 1072 M NaCl solution), (C) 20-hydroxyecdysone (100 ppmin2 x 107 M
NaCl solution).

DISCUSSION

Ecdysteroids have hormonal effects after oral intake, and feeding behavior
is influenced by endocrine factors, e.g., hemolymph ecdysteroid level as well
as neural input from peripheral chemoreceptors. When ecdysteroid titer in he-
molymph begins to increase, larvae cease feeding and enter apolysis or meta-
morphose; as a result, feeding activity decreases (Dominick and Truman, 1984).
Indeed, in larvae exposed to 100 ppm ecdysone, feeding activity declines during
the 24-36 hr after onset of feeding as the larvae enter apolysis during this time
period. However, in larvae exposed to 20-hydroxyecdysone at more than 100
ppm, feeding was markedly reduced, although all the larvae continued to feed
and did not enter larval apolysis, nor did they begin spinning within 48 hr after
onset of feeding. Furthermore, the hemolymph ecdysteroid level of larvae
exposed to 20-hydroxyecdysone was lower than that of larvae exposed to ecdy-
sone during the 36 hr following onset of feeding (data not shown). These results
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FiG. 5. Comparison of the R receptor responses to ecdysone and 20-hydroxyecdysone.
Concentrations of ecdysone and 20-hydroxyecdysone were expressed as parts per million
in 2 X 1072 M NaCl solution. Each value is the mean of three replicates. Bars indicate
the standard errors. @: ecdysone, : 20-hydroxyecdysone.

suggest that the reduction in feeding activity during the 12 hr following onset
of feeding was not caused by a hormonal effect of 20-hydroxyecdysone.

The R receptor is stimulated by bitter substances, for example, alkaloids,
salicin, and phlorizin (Ishikawa, 1966), and the sensory input from R receptors
inhibits feeding, specifically by inhibiting biting behavior (Hirao, 1978). In our
experiments, 20-hydroxyecdysone stimulated R receptors and reduced feeding
activity just after ecdysis, but ecdysone did not stimulate R receptors nor did it
reduce feeding. These results suggest that the two ecdysteroids have different
effects on feeding behavior because they act on peripheral chemoreceptors dif-
ferently and that hydroxylation at C-20 is important for inhibition of feeding in
larvae of Bombyx. This system in Bombyx may be a useful tool for structure-
deterrent activity study.

In larvae exposed to 20-hydroxyecdysone, feeding activity recovered imme-
diately following the first 12 hr, as shown in Figure 1. The mechanism of
recovery has not been investigated yet, but habituation to feeding deterrents may
occur, as reported by Jermy et al. (1982), or starvation may have some effect
on feeding behavior in the larvae.

Ecdysteroids (phytoecdysteroids) have been found in many species of plants,
and the most abundant phytoecdysteroid is 20-hydroxyecdysone (Lafont and
Horn, 1989). By contrast, ecdysone is much less common than 20-hydroxyec-
dysone, and ecdysone has been isolated only from fems (Kaplanis et al., 1967;
Heinrich and Hoffmeister, 1967; Takemoto et al., 1973). Mulberry leaf, Morus
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alba, which is a sole food plant for Bombyx, also contains 20-hydroxyecdysone
and inokosterone but does not contain ecdysone (Takemoto et al., 1967). These
data suggest that ecdysone is not effective for protecting plants against phyto-
phagous insects, but it has been reported that both ecdysone and
20-hydroxyecdysone act as antifeedants in Pieris brassicae (Jones and Fim,
1978). We must await further investigation in other insects to adequately test
this hypothesis.

Phytophagous insects have developed very efficient protective mechanisms
against ingested ecdysteroids, i.e., the absorption of ingested ecdysteroids into
body tissues is slow and limited, whereas the excretion and catabolism is rapid
(Hikino et al., 1975). Thus, ingested ecdysteroids have little effect on insect
development, except in some cases (Robbins et al., 1968; Shigematsu et al.,
1974; Singh and Russell, 1980; Kubo et al., 1983). However, the larvae can
ingest large amounts of ecdysone, which cannot be metabolized or excreted
rapidly, and is enough to induce ecdysis within a short period because ecdysone
has no inhibitory effect on feeding behavior. Furthermore, we are now consid-
ering that the high level of ecdysteroids in the hemolymph of ultranumerary-
ecdysed larvae (Tanaka and Takeda, 1993a) are mainly caused by exogenous
ecdysteroids, not by endogenous ecdysteroids, because of the modest activation
of prothoracic glands (data unpublished). Thus, the lack of inhibitory effect of
ecdysone on feeding behavior may be one of the important factors for inducing
ultranumerary larval ecdyses by ecdysone.
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Abstract—Calotropis procera, is a shrub with broad ovate fleshy leaves that
grows wild in the Egyptian deserts. The plant was discovered to be highly
toxic to the land snails Thepa pisana. The active ingredient responsible for
the molluscicidal activity was isolated from its latex by solvent extraction and
partitioning and was finally purified by fractional crystallization from 95%
aqueous ethanol. The purity of the isolated material was monitored by TLC.
Chemical identification was carried out using mass, infrared, and proton mag-
netic resonance spectroscopic methods. The active compound was found to
be uscharin, and its identity was confirmed by comparing its spectroscopic
data with the literature values. The isolated compound was 128 times more
toxic than methomy! to the snails tested.

Key Words—Calotropis procera, land snails, Theba pisana, molluscicides,
methomy!, uscharin, cardenolides, land mollusks, mexacarbate, methiocarb,
glycosides.

INTRODUCTION

The white garden terrestrial snail Theba pisana (Muller) causes great damage
to omamental plants, shrubs, vegetables, fruits, and citrus trees. It is considered
one of the most harmful terrestrial Mollusca to the economic production of
citrus, ornamentals, and cereals (Cairaschi and Lecomte, 1973; Miller et al.,
1988; Baker, 1986). In spite of the economic importance of such land snails,
few attempts have been successful in discovering non-hazardous molluscicides
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of natural origin against land snails (Hussein and El-Wakil, 1993). Metaldehyde
(r-2, C4, C-6, C-8-tetramethyl-1,3,5,7-tetraoxocane) and many of the synthetic
carbamate compounds such as carbaryl (1-naphthyl methylcarbamate), metho-
myl  [S-methyl N-(methylcarbamoyloxy)thioacetimidate],  methiocarb(4-
methylthio-3,5-xylyl  methylcarbamate), and  mexacarbate(4-dimethyl-
amino-3,5-xylyl methylcarbamate} have been widely used to control land
molluscs in toxic baits, but, unfortunately they are used in very high concen-
trations (0.5-5%), which causes a great threat to human health, the environment
and nontarget organisms. In this study we report for the first time the promising
molluscicidal activity of uscharin, isolated from the latex of Calotropis procera
against the land snail Theba pisana in comparison to that of methomyl.

METHODS AND MATERIALS

Isolation of Uscharin. The latex of C. procera was collected from the plants
grown in the eastern desert of Egypt during the summer of 1992, in brown glass
bottles by cutting at the tip leaf-stem juncture. Classification and identification
of the plant was carried out by the Botany Department, University of Cairo,
Cairo, Egypt. The latex (60 ml) was stirred with 100 ml ethanol and filtered
(filtrate A), and the precipitate was stirred with 100 ml aq. ethanol (50%) and
filtered (filtrate B). Both filtrates A and B were combined and concentrated at
40°C under vacuum until the solution appeared cloudy. This solution was kept
at 4°C for 24 hr and was filtered to give a clear yellow filtrate, which was
extracted three times with hexane (3 X 150 ml), diethyl ether (3 X 150 mi),
and chloroform (3 X 150 ml). The chioroform extract was dried over anhydrous
sodium sulfate and evaporated to dryness. The residue was reextracted with
chloroform-benzene (1: 1) (benzene is carcinogenic and should be handled with
caution) three times (each 30 ml), evaporated, and then extracted with benzene
alone. The benzene extract was shaken with 20% methanol, and the benzene
layer was evaporated and extracted with diethyl ether (2 X 30 ml). Thin-layer
chromatography of the ether extract showed one major and three minor spots.
Further purification of the ether fraction by one washing with hexane-acetone
(9:1) and three washings with ethanol (1 ml), gave a single spot by the thin-
layer chromatography, using 0.1-mm precoated silica gel Kodak chromagram
sheets with fluorescent indicator from Eastman Kodak Company, on three sol-
vent systems, chloroform-ethanol (8:2) saturated with water; chloroform-
ethanol (2:8), and hexane-acetone (9:1). The R, values of the isolated com-
pound in the indicated solvent systems were 0.81, 0.75, and 0.0, respectively.
Detection was carried out by exposure of the plates to iodine vapor, UV light,
and by spraying with Raymond reagent (1% m-dinitrobenzene in ethanol, fol-
lowed by 20% NaOH). The melting point of the isolated compound was 290°C
with decomposition.
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Molluscicidal Activity. Adult animals of Thepa pisana were chosen for
testing (average weight was 0.93 g). Three replicates were used for each dose;
in every replicate 10 animals were kept in a 0.5-liter glass jar covered with cloth
netting and secured with a rubber band. The highest tested dose of the isolated
compound was prepared by dissolving 2 mg in 1.8 ml of DMSO (dimethyl-
sulfoxide), which was diluted to 24 ml with H,0. Lower dosages were prepared
by further dilutions with H,O (a much lower volume of DMSO can be used,
but we used this volume to avoid any possible precipitation). Control animals
were treated with the same solvent. The tested dose contained in 30 ul of these
solutions was gently applied on the surface of the snail body inside the shell
using a micropipet. The snails were provided with lettuce leaves to feed on after
24 hr of treatment. Dead animals were detected 24, 48, and 72 hr after treatment
by loss of response to a thin stainless steel needle according to the WHO (1965)
procedure. Methomyl 90% (methavin 90 sp Rhone Poulenc A.G.), was used to
compare its molluscicidal activity to that for the purified compound in the same
way. Ethanol (95%) was used to prepare the aqueous tested dosages of meth-
omyl, where the highest concentration used of ethanol the same as that of
DMSO, 7.5%.

Instruments and Conditions. Melting point is uncorrected. '"H NMR spec-
trum was recorded in CDCl; on a 300-MHz GE NMR spectrometer. Electron
impact mass spectroscopy was performed on a Finnigan-3300 spectrometer at
70 eV. The infrared spectrum was recorded on Perkin Elmer 2000 FT-IR spec-
trophotometer.

RESULTS AND DISCUSSION

The unusual tolerance of Theba pisana snails to most known synthetic
organophosphate and carbamate pesticides renders their control difficult in areas
where they overpopulate. Trials are being continued to select effective pesticides
against this species. In 1988, Miller et al. tested many bait and sprayable mol-
luscicides against this snail and found that methomy! (1 %) bait caused only 16%
mortality after 12 days in the lab and 30.3% mortality after 14 days in small
field cages. The most effective sprayable molluscicides they tested in the lab
were mesurol (which caused 32% mortality after 12 days when sprayed at rate
of 4.48 kg active ingredient/hectare), and zectran, which caused 40% mortality
at concentration of 0.48%. In our study we used the topical application method
which was found reproducible, easy, and rapid for screening any compound that
may be used by spray application. The LDs; of methomyl was found to be 105
pg/snail, while that for uscharin was 0.82 pg/snail after only 24 hr, which means
that, the snail has to come in contact with 30 ul of 0.0027% uscharin solution,
which is considered very small when compared with the concentrations used of
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synthetic molluscicides. Table 1 shows toxicity data of uscharin, methomyl,
and other carbamates tested against T. pisana snails. The glycosides of C.
procera were isolated many decades ago (Hesse et al., 1939; Hesse and Ludwig,
1960), but this is the first report of such a strong molluscicidal activity for one
of these glycosides. Hussein and El-Wakil (1993) isolated an extract highly
toxic to Theba pisana from the latex of this plant, and many workers reported
on the nematicidal, insecticidal, and rodenticidal properties of this plant (Verma
et al., 1989; Sharma, 1985; Pahwa and Chatterjee, 1988).

The mass spectrum of the isolated compound shows the molecular ion peak
(M*) at m/z 587, corresponding to the molecular formula C;H,NOgS. The
molecular ion loses CO and 2H,0 simultaneously, giving rise to a fragment at
m/z 523. The fragment ion at m/z 404 represents the genin (G) fragment, which
indicates the loss of the sugar moiety containing nitrogen. The fragment ions at
m/z 386, 368, and 358 represent G-H,0, G-2H,0 and G-H,0-CO, respectively.
These data show that the sugar part most probably contains a thiazolidine ring,
which is confirmed from the IR absorption band at 1630 cm ™' (C=N stretching)
and '"H NMR signals at § = 7.5 ppm, s, |H (N=CH) and § = 3.87 ppm, s,
2H (S—CH,). Moreover, an aldehydic proton is observed at 6 = 10.00 ppm,

TABLE 1. EFFICACY OF USCHARIN, METHOMYL, AND SPRAYABLE MOLLUSCICIDES
AGAINST T. pisana SNAILS IN LABORATORY TESTS

Active ingredient

Toxicant (kg/ha) Conc. (%) Mortality (%)
Uscharin” 0.0083 100
0.0066 80
0.0033 60
0.0027 50
0.0017 20
Methomyl” 0.35 50
Control 0
Slug-N-Snail Special Spray
(50%) metaidehyde** 4.7 (0.503 10
Zectran 2EC
(mexacarbate)** 4.48 0.48 40
Mesurol 75 WP
{methiocarb)** 4.48 0.96 32
Lance 480 g/liter
(cloethocarb)** 2.24 0.48 28
Control 04

“Toxicants tested according to our method.
"Results obtained by Miller et al. (1988), where conc. (%) was calculated based on the volume of
water used to spray the toxicant.
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s, 1H, confirming the IR absorption band at 2860 cm ™' typical for an aldehyde
group. The '"H NMR also shows the presence of two methyl signals at 6 = 0.82
ppm, s, 3H and § = 1.29 ppm, s, 3H, the latter being attached to the oxygen
function of the sugar moiety. The downfield value of the signal at 6 = 5.87
ppm, s, 1H shows that a proton is attached to a O—C=0 group, which is in
agreement with the absorption bands in the IR spectrum at 1788 cm™', 1745
cm™', and 1630 cm™' characteristic of a butenolide system.

The data obtained were compared to those of uscharin (Figure 1), a car-
denolide previously isolated from Calotropis procera (Bruschweiler et al., 1969),
and were found to be identical. The 'H NMR chemical shift values are given
in Table 2.

Many workers isolated uscharin with different melting points according to
the final solvent used in its purification (Seiber et al., 1982; Hesse et al., 1939).

We have studied the molluscicidal properties of uscharin. The rest of the
C. procera glycosides and other cardiac glycosides from other plants should be
evaluated for their molluscicidal activity. We expect many of them to be active
in this field because they have almost the same mode of action.

TABLE 2. 'H NMR CHEMICAL SHIFT VALUES OF USCHARIN

Proton Chemical shift (ppm)
H,-18 0.82, s

H-19 10.00, s

H-21 4.85. dd, J = 18, 20 Hz
H-22 5.87, br.s

H,-1’ 5.06, s

H;-6' 1.22,d.J = 6 Hz
H,-1” 387, s

H-2" 751 s
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Abstract—The sex pheromone component of male Lutzomyia longipalpis ter-
gal gland extract was isolated and its activity confirmed by bioassay. Whole
tergal gland extract was analyzed by HPLC and fractions were collected as
they eluted from the detector. Each fraction was tested in an attraction bioas-
say with virgin unfed female Lurzomyia longipalpis. HPLC analysis showed
that whole extract contained several peaks; one large peak, one small peak
and several minor peaks. Purity of the HPLC fractions was determined by
GC analysis. The bioassays revealed that the large peak was responsible for
most of the observed female behavior. The addition of the small peak to the
large peak improved the response although by itself the small peak failed to
elicit any significant behavior. Minor peaks failed to elicit any response.
Chemical analysis revealed the large peak to be a relatively nonpolar hydro-
carbon.

Key Words—sex pheromone, tergal gland, Lurzomyia longipalpis, Diptera,

Psychodidae, gas chromatography. high-pressure liquid chromatography.

INTRODUCTION

The sandfly, Lutzomyia longipalpis (Lutz & Neiva) is the only vector of the
protozoan parasite Leishamnia chagasi, the causative agent of visceral leish-
maniasis (VL) in South and Central America. Of all the cases of VL recorded
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from South America, 97% are from Brazil, and of these over 67% are from the
northeast of the country (Adler, 1964; Ward et al., 1983).

L. longipalpis exists as a species complex and has been the subject of
pheromone investigations since 1961, when Barth described the presence of an
‘“‘odiferous gland’’ on males. He believed that these glands were involved in
stimulating the female before copulation.

Mangabeira (1969) described two morphologically distinct forms of male
L. longipalpis; one had pale patches of cuticle on the third and fourth tergites,
and the other had pale patches on the third tergite only. Lane et al. (1985),
showed that the pale patches contained numerous mammiform papules 3-3.5
um in diameter, with central pores 0.25 um in diameter. Lane and Bernardes
{1990) showed that the papules were associated with underlying glandular tissue.
The individual cells of this tissue possessed a complicated end apparatus and a
central reservoir that was connected to the papule pore via a cuticular duct. It
was suggested by Lane et al. (1985) that these glandular areas produced a sexual
attractant pheromone that was distributed by the male before and during mating
by the fanning of the males’ wings.

Clear evidence for the role of these glandular areas in the production of
sex pheromones was given by Ward et al. (1989), who demonstrated that females
could be attracted from distances of up to 60 cm to filter paper disks impregnated
with whole tergal gland extracts.

Two populations of L. longipalpis were identified when extracts made from
the glandular patches were examined by GC-MS (Lane et al., 1985, Phillips et
al., 1986). One population produced a compound with the general formula
C,¢H,6 and with a mass spectrum similar to faresene or homofarmesene. Sand-
flies belonging to this population were from the Lapinha and Sobral regions of
Brazil. The other population produced a compound with the general formula
C,oH3, and a mass spectrum similar to a diterpene. Sandflies belonging to this
population were found in four regions of Brazil: Sobral, Santarem, Marajo, and
Morado Nova.

Recently Hamilton and Ward, (1991) showed that there are at least six
different populations of L. longipalpis in South America that appear to fall into
three chemically distinct classes and possibly represent sibling species. GC
analysis showed that the chemical composition of tergal gland extract varied
both qualitatively and quantitatively between the populations examined and that
glandular extracts contained more compounds than had been previously described
by Lane et al. (1985).

Although sex pheromone activity has been associated with whole tergal
gland extract, it is not known which, if any, of the observed compounds con-
tributed to the attraction of female flies in the bioassays. It is not known if the
faresene/homofamesene or diterpene compounds described by Lane et al. (1985)
and Philips et al. (1986) are pheromonally active. The aim of the cumrent study
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was to relate specific compounds present in the glandular extract to pheromonal
activity. Chemicals produced by sandflies from the Jacobina region of Brazil,
which were used in this study, are believed to be distinct from the farnesene/
homofamesene- and diterpene-producing populations of sandflies (Hamilton and
Ward, 1991).

High-pressure liquid chromatography (HPLC) was used to isolate specific
components of whole male sandfly tergal gland extract. Collected fractions were
then used in an attraction bioassay to determine which compounds elicited activ-
ity from female flies. This was seen as a necessary prerequisite to a full structural
determination of the active compounds.

METHODS AND MATERIALS

Sandflies. Sandflies used in this study were from Jacobina, Bahia State,
northeastern Brazil. They were colonized according to the method of Modi and
Tesh (1983) at a temperature of 26°C, 98% relative humidity, and a 12:12 hr
light-dark photoperiod.

Extract Preparation. Adult males were removed from stock cages four to
five days after emergence. Pheromone glands have been shown to be highly
vacuolated in flies of this age (Boufana, 1990). Thirty males were prepared for
each extract by placing them in a —70°C freezer. The third and fourth tergites
were then removed under a binocular dissecting microscope and placed into
acid-cleaned 2-ml vials containing 150 pl of pesticide-grade hexane (BDH,
Poole, England). The volume of hexane was reduced to 30 pl under a gentle
stream of N,. This gave a standard concentration of one male equivalent (1 ME)
per microliter of solvent. To minimize loss of volatiles and ensure the complete
extraction of material, samples were stored overnight at —70°C in sealed vials
before analysis.

High-Pressure Liquid Chromatography (HPLC). HPLC analysis was per-
formed on a Waters HPLC system comprised of a 600E multisolvent pump and
gradient controller, U6K injector, and 991 photodiode array detector (Waters,
Watford, England). Data were acquired and analyzed using a dedicated NEC
APC 1V personal computer running Waters 991 software. Analysis was carried
out on a Resolve C18 analytical column (3.9 X 300 mm) heated to 30°C by a
Waters steel column heater. The mobile phase was acetonitrile-isopropanol
70:30 at 1 ml/min (isocratic flow), sparged with helium at 25 ml/min prior to
and during analysis. Standards used for calibration and monitoring of separations
were caryophyllene and caryophyllene oxide (Aldrich, Gillingham, England)
(1 pg/ul). Fractions for bioassay and gas chromatographic analysis, generated
by the HPLC, were collected manually in 10-ml acid-cleaned beakers as they
eluted from the HPLC detector. The nonpolar gland extract was recovered from
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the relatively polar mobile phase by a liquid-liquid separation with hexane as
the nonpolar phase. Ultrapure water was added to the polar mobile phase sol-
vents to aid phase separation. Purity of collected material was confirmed by gas
chromatography.

Gas Chromatography (GC). GC analysis was carried out using a J&W DB-
1 column (Alltech, Carnforth, Lancashire) (30 m X 0.32 mm ID, 0.25 pm film
thickness) in a Shimadzu model 15-A gas-chromatograph (Shimadzu Corp.,
Kyoto, Japan) linked to a Shimadzu CR-5A Data-pac integrator. The GC was
fitted with a flame ionization detector (FID) operating at 310°C. Injection of
unmodified extract was via a Grob split/splitless injector in the splitless mode
(sampling time was set at 0.6 min). The carrier gas was helium at 2 ml/min.
The injection block temperature was set at 180°C, detector temperature 310°C.
The GC was programmed from an initial temperature of 45°C, held for 2 min,
to 250°C at 15°C/min. The temperature was held for a further 2 min and then
allowed to rise at 10°C/min to 310°C, where it was held for 4 min. One male
equivalent (ME) of extract was injected for each analysis. The system was
calibrated with caryophyllene (C,s), (E)-B-famesene (C,s) and n-alkane stan-
dards (C,, and C,5) to give relative retention times and to ensure accurate
retention time comparisons. Comparative retention time data were obtained by
analyzing standards and L. longipalpis tergal gland extract at 130°C (isother-
mal).

Column Chromatography. A silic-gel microcolumn was prepared by plac-
ing 240 mg of Bio-Sil A (20-44 um) (BioRad, Hemel Hempsted, Hertfordshire)
in a Pasteur pipet. The column was precleaned by eluting with hexane (10 ml,
pesticide grade) (BDH, Poole, Dorset) and diethyl ether (10 ml, chromatography
grade) (BDH). Extract (30 ME) was loaded onto the top of the column and then
eluted in 3 column volumes of hexane and 3 column volumes of diethyl ether.

Bioassays. Bioassays were carried out using 5-day-old unfed virgin female
L. longipalpis. Newly emerged females were separated from males in the colony
rearing pots before rotation of the male genitalia. This ensured that females were
unmated. These virgin females were then maintained in Barraud cages (15 X
15 x 15 cm) in a humid environment (90% relative humidity) and given access
to a saturated sugar solution.

Bioassays were performed as described by Hamilton (1992) and are a mod-
ification of those originally described by Ward et al. (1989). Two anesthetized
hamsters were placed side by side underneath the bioassay cage. Hamsters were
anesthetized with a 12 mg/ml solution of sodium pentobarbitone. Two filter
paper disks, (2 cm diam.) were placed inside the cage directly over the hamsters.
One test disk was treated with the tergal gland extract or fractions of it and the
other was the solvent control. In addition to the fractions generated by HPLC,
whole male tergal gland extract and hexane as a control were tested in the
bioassay. The concentration of extract or purified components of extract in each
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bioassay was 3 ME. During the bioassay, the cage was covered with plastic
sheeting to reduce the influence of the observers’ host odor or air movements.
The number of contacts made by females with the test and control disks was
recorded over a 20-min period. Observations were recorded every 2 min. Each
experiment was replicated 10 times. Extracts and fractions were prepared freshly
for each bioassay replicate. Data were analyzed by one-way analysis of variance
and unpaired ¢ tests.

RESULTS

HPLC Analysis. HPLC analysis resolved the crude extract into a number
of peaks that could be collected for analysis by GC and bioassay. A typical
HPLC chromatogram is shown in Figure 1. The chromatogram is characterized
by one large peak (a) with a retention time (R,) of 5-6 min, with a smaller peak
(b) eluting slightly before it at 5.2 min. Two small unresolved peaks (¢ and d)
may be seen before and after the main peak. A further small peak (¢) elutes at
7.5 min. A larger peak (f) elutes at 10.19 min; this is equivalent to the R, of
cholesterol. Early peaks, up to 4 min, are believed to be nonpolar sandfly-
derived compounds and solvent injection effects. Five fractions were collected
for bioassay: fraction 1 (F1), material up to 5 min; fraction 2 (F2), small peak;
fraction 3 (F3), large peak; fraction 4 (F4), small and large peak together
(doublet); fraction 5 (F5), remaining material up to 12.5 min. UV spectra were
obtained for peaks a and b, A, was found to be 204.3 nm for these unknowns,
208.2 nm for caryophyllene and 209.5 nm for caryophyllene oxide. Retention
times for caryophyllene and caryophyllene oxide were 4.74 and 3.26 min,
respectively.
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Fig. 1. HPLC chromatogram (UV max) of tergal gland extract (30 ME). Fractions
collected are indicated as F1-FS5.
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GC Analysis. GC analysis showed that HPLC collected peaks were free
from contamination with other glandular material and correlated with peaks seen
in the GC analysis of tergal gland extract with HPLC peaks. A typical GC
chromatogram of unfractionated, tergal gland extract is presented in Figure 2A.
Two dominant peaks were found at 10.0 and 10.6 min, respectively. Several
other smaller peaks were observed before and after the large peaks. The area
of the smaller peak was found to be 17.9% of the area of the larger peak. The
small HPLC peak (b) corresponded to the small GC peak (1) (Figure 2C, R,
10.6 min). The large HPLC peak (a) corresponded to the large GC peak (2).
Both peaks in F2 and F3 appeared to be almost 100% pure by GC analysis
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Fi1G. 2. GC analysis of tergal gland extract. A = whole extract; B = HPLC collected
large peak (F3); C = HPLC collected small peak (F2); D = HPLC collected large and
small peaks (F4).
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(Figure 2B and C). Fraction 4, which contained both the large and the small
HPLC peaks (1 and 2), had a slightly lower percentage of small peak (when
compared to the unfractionated crude extract) Figure 2D. Chromatograms for
F1 and F2 are not presented. GC analysis also indicated that each male produced
approximately 70 ng of the principle component and 8 ng of the secondary
compound. The C,, and C,s n-alkane standards had retention times of 6.99 and
10.98 min, respectively. The caryophyllene standard had a retention time of
7.57 min. The large peak (peak 1) had a retention time of 10.42 min and the
small peak (peak 2) had a retention time of 8.41 min. The famnesene standards
had a retention time of 8.6 min, which is significantly different from both the
large and small peaks.

Column Chromatography. The hexane fraction (hydrocarbon fraction) con-
tained both peaks 1 and 2, which are normally seen in the crude extract (Figure
2A).

Bioassays. Bioassay results are shown in Figure 3. When virgin female
sandflies were exposed to F3 from tergal gland extract, they responded in a way
that was not significantly different from their response to the whole tergal gland
extract. The whole extract gave a response of 273 + 102.4 contacts in the
20-min observation period. The large peak (F3) gave a response of 219 + 29.1
and the doublet (F4) gave a response of 242 + 39.0.

The activity exhibited by female L. longipalpis to whole extract was not
significantly different from activity exhibited to the doublet (F4) (F = 5.34,
P > 0.01). There was no significant difference between the response to the
large peak (F3) and the doublet (F4), (F = 2.97, P > 0.01). However, there
was significant difference between the females’ response to whole extract and
the single large peak (F3) (F = 15.9, P = 0.0017). This indicated that the
small peak may have had a significant biological effect, however, when this
peak was analyzed by itself, it was found to induce a response significantly less
than either whole extract, F4 or F3.

The responses to the small peak (F2), early peaks (F1), late peaks (F35),
and hexane blends are all significantly less than for whole extract, doublets, and
large peak by itself. Within this group of observations, however, the response
to F1, the prepeaks, was found to be significantly greater than the response to
the small peak (F = 11.46, P = 0.002) and the late peaks (F = 41.85, P =
0.0001). None of these responses are significantly different than to the hexane
double control [small peaks (F2) F = 1.83, P = 0.22); prepeaks (F1) (F =
5.42, P = 0.06); late peaks (F5) (F = 6.68, P = 0.02].

DISCUSSION

These experiments clearly demonstrated that the largest peak (F3) of the L.
longipalpis male tergal gland extract is responsible for the sexual behavior exhib-
ited by females. GC analysis revealed that the tergal gland extract contained at



148 HAMILTON ET AL.

275

W vesT FRACTION
[IHEXANE CONTROL

250

225

200

175

150

N
n
1

MEAN DISC CONTACTS OVER 20 MINS
|

~
@
1

50

25

FRACTION

FiG. 3. Bioassay results of HPLC fractions of tergal gland extract. Not significantly
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least 11 minor components not described by Lane et al. (1985) and Phillips et
al. (1986). These minor compounds do not appear to play a significant role in
the attraction of females to treated filter paper disks.

The experimental procedure allowed the comparison of compounds col-
lected from HPLC analysis with compounds observed in GC chromatograms.
Analysis and fractionation by HPLC allowed us to collect much larger quantities
of material for bioassay than would have been possible by preparative GC
without the possibility of thermal degradation or rearrangement of collected
material. Reextraction of sandfly components from the HPLC eluent gave a high
yield of pure material for bioassay and was an efficient procedure.

The chemical data presented here indicates that the main active peak is a
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hydrocarbon. UV data indicate that there may be one or two double bonds. GC
and HPLC retention time comparisons support this view and suggest that if the
compound is biosynthetically related to the famesene/homofarnesene compound
described by Lane et al. (1985), it should be cyclic or polycyclic. Neither peak
appears to be (E)-g-famesene.

It was clear from observations made during the bioassay that behavior
released on perception of the isolated pheromone (F3) closely resembled that of
the unfractionated tergal gland extract. Females in contact with a pheromone-
treated disk or a disk treated with F3 performed characteristic courting behavior:
wing fanning (rapid wing fluttering), arrestment on filter paper disk (females
remain in contact with filter paper disk for a long period of time), abdomen
dipping (posterior end of abdomen is moved to touch the filter paper disk)},
aggression displayed towards other females, and strike behavior exhibited toward
the filter paper disk.

Male sex pheromones are not uncommon but are considerably less so than
those of females (Tamaki, 1985). They have been reported from at least 17
species of Diptera belonging to the families Calliphoridae, Chironomidae, Cu-
licidae, Drosophilidae, Muscidae, Psychodidae, Sarcophagidae, and Tephriti-
dae. They usually act as short-range aphrodisiac pheromones stimulating the
female for copulation after the sexes have been brought together by the female
sex pheromone and other auditory and visual cues. Thornhill (1979) and Trivers
(1972) predicted that males would produce sex pheromones when they were
providing a significant investment in the offspring, for example, a nutritional
investment of some sort that the female can use to manufacture eggs (Boggs
and Gilbert, 1979). It is interesting to note that female sandflies are attracted to
" a combination of host odor and sex pheromone. Male L. longipalpis often form
mating leks in association with a host odor source, for example, on the backs
of cattle or around chicken coops (Morton and Ward, 1989; Ward et al., 1989).
Males of certain species of Drosophila aggregate at food and oviposition sites
(Spieth, 1974). Male-produced aggregation pheromones normally released at
such sites may be synergistic with food odors for female attraction (Bartlett et
al., 1988). The papaya fruit fly, Toxotrypana curvicauda, puffs its pleural
abdominal pouches, releasing pheromone, while perched on papaya fruit in the
field (L.andolt and Hendrichs, 1983).

It is not unusual for male pheromones to be single components, as in the
case of tsetse fly pheromone (Carlson et al., 1978) or housefly pheromone, or
simple blends as in the Mediterranean fruit fly (Baker et al., 1990). Two com-
pounds, methyl (E)-6-nonenoate and nonen-1-ol, act as the sex pheromone of
the Mediterranean fruit fly, Ceratiris capitata (Jacobson et al., 1973). A single
compound, 15,19,23-trimethylheptatriacontane, acts as the nonvolatile aphro-
disiac contact pheromone of the tsetse fly, Glossina morsitans morsitans (Lang-
ley et al., 1975; Carlson et al., 1978).
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It remains to be seen if any of the other compounds present in the male
tergal gland extract play a role in courtship behavior when presented over a
longer distance, or, indeed, if their effect may be exerted over shorter distances.
In general, male calling may be influenced by external factors such as time of
day, temperature, light intensity, and location or occurrence of food or ovipo-
sition sites (Burk, 1983; Landolt and Sivinski, 1992). The importance of such
factors in the regulation of L. longipaipis mating must be determined by exper-
iments in laboratory and field environments before a complete understanding of
pheromone-induced mating can be achieved. Experiments will include the
entrainment of compounds and their testing in wind tunnels and traps for mon-
itoring and perhaps control of populations in the field.

It has already been established that females are attracted to host odor (Nigam
and Ward, 1991). The experiments described above relied on the presence of
host odor and females give a significantly improved response to the male pher-
omone when host odor is present (Hamilton, 1992).

Now that the active component of the tergal gland extract has been iden-
tified it will be possible to proceed with a full structural characterization of the
compound.
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Abstract—Extracts of different body parts of adult Trichoptera were tested
for electrophysiological activity. Extracts of the IVth and Vth abdominal ster-
nites of female Hvdropsyche angustipennis, Rhvacophila nubila, and
R. fasciata, containing a paired exocrine gland, elicited significant electroan-
tennographic responses when tested on conspecific male antennae. The paired
gland occurs also in males of all the species, and in H. angustipennis, extracts
from males were more active than femaie extracts when tested on male anten-
nae. Female and male extracts from all species were analyzed by gas chro-
matography with simultaneous flame ionization and electroantennographic
detection (EAD). EAD-active peaks in female extracts, stimulating male
antennae, were identified in H. angustipennis as nonan-2-one; and in R. nubila
and R. fasciata as heptan-2-one, heptan-2-ol, nonan-2-one, and nonan-2-ol.
EAD-active components from male H. angustipennis stimulating male anten-
nae were octan-2-one, nonan-2-one (major peak), (Z)-6-nonen-2-one, decan-
2-one, and a methylbranched decan-2-one. Female extracts and synthetic mix-
tures of compounds identified from female H. angustipennis and R. fasciata
were tested for attractivity in the field. High catches with control traps obscured
the resuits, but a synthetic mixture of the four identified compounds was
significantly attractive and not different from female extracts for attracting
male R. fasciata. In H. angustipennis, a synthetic six-component male blend,
in which nonan-2-one was the major component, attracted significant numbers
of male and female H. angustipennis. Extracts of male R. nubila and R.
Jasciata contained acetophenone and hexanoic and octanoic acids but did not
have any electrophysiological or behavioral activity on either male or female
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antennae of conspecifics. The occurrence of a female sex pheromone in Rhy-
acophila and an aggregation pheromone in Hvdropsyche comresponds to earlier
described differences in mating behaviors in the Rhyacophilidae and Hydro-
psychidae.

Key Words—Trichoptera, Rhyacophilidae, sex pheromone, aggregation pher-
omone, Rhyacophila nubila, Rhyacophila fasciata Hydropsyche angustipen-
nis, electroantennogram, heptan-2-one, octan-2-one, nonan-2-one, decan-2-
one, (Z)-6-nonen-2-one, heptan-2-ol, nonan-2-ol, GC-EAD, swarming.

INTRODUCTION

A critical event in sexual reproduction is location or recruitment of a mate. In
a number of insect groups, the necessary movements in time and space are
mediated by pheromones. Sex pheromones occur in at least 10 orders of insects
but have been studied predominantly in the Lepidoptera, Coleoptera, Hymen-
optera, Orthoptera, Diptera, and Homoptera since, in these groups, chemical
attraction is a major means of sexual recruitment. Females are usually the emit-
ters and males the receivers (Card€ and Baker, 1984; Birch and Haynes, 1982).

Although evidence has indicated that members of the order Trichoptera use
some form of chemically mediated communication (e.g., Kelner-Pillault, 1975),
pheromones have only recently been demonstrated for caddisflies (Wood and
Resh, 1984). In that study, whole body extracts of females of the sericostomatids
Gumaga griseola (McLachlan) and G. nigricula (McLachlan) were shown to
attract conspecific males but not females. The significance of these findings lies
not only in the fact that information on chemical communication systems may
be important in understanding adult behavior, but may also provide insights into
systematic and ecological relations.

Taxonomically, the Trichoptera has been considered a specialized member
of the neuropteroid orders, and Ross (1967) regarded the caddisflies as a sister
order of the Lepidoptera. Several studies of caddisfly adults have focused on
structures that have been presumed to be scent-producing glands (e.g., Cum-
mings, 1914; Mosely, 1923), and anatomical studies (Moretti and Bicchierai,
1981) have referred to the androconial organs that occur throughout the order
but only in adult males, as scent- or pheromone-producing glands. The first
experimental demonstration of a specific site associated with sex pheromone
production was by Resh and Wood (1985). These workers conducted field tests
using extracts from females of G. nigricula and G. griseola, and the limnephilid
Dicosmoecus gilvipes (Hagen). Extracts of the fifth abdominal sternite attracted
conspecific males, thus indicating this region as the site of pheromone produc-
tion. Microscopic examination revealed paired exocrine glands located at this
site, with a pair of muscles attached to the neck of each gland, probably regu-
lating the release of substances from the gland reservoir. Solem (1985) claimed
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pheromones to be present in extracts from the fourth abdominal sternite in female
Rhyacophila nubila (Zetterstedt), although scanning electron microscopy did not
show any structure that could be identified as the gland reservoir. Other studies
have focused on the potential defensive function of secretions from these tri-
chopteran glands (Duffield, 1981; Ansteeg and Dettner, 1991).

Electrophysiological techniques have proved valuable in the study of insect
pheromone systems. The insects’ peripheral olfactory system—the antenna—is
easily accessible, and electroantennograms (EAGs) have provided a rapid and
convenient screening procedure for pheromones (Roelofs, 1976). Interfaced with
capillary gas chromatography (GC), electroantennographic detection (EAD) has
been a valuable tool for the isolation and identification of pheromone compo-
nents in moths (Struble and Am, 1984). Electroantennogram assays were used
in the present study to determine the site of pheromone production in two hitherto
uninvestigated species of Trichoptera, Hydropsyche angustipennis (Curtis)
{Hydropsychidae) and Rhyacophila fasciata (Hagen) (Rhyacophilidae), as well
as in R. nubila (Rhyacophilidae), previously studied by Solem (1985). Identi-
fication of the electrophysiologically active components was carried out by gas
chromatography with electroantennographic detection, and subsequent mass
spectrometric (MS) analysis of the active components. Field bioassays for
R. fasciata and H. angustipennis were conducted to evaluate the behavioral
significance of the identified compounds.

METHODS AND MATERIALS

Collection and Rearing of Insects. Mature pupae in their cases were col-
lected from the surfaces of small rocks and stones immersed in shallow, fast-
running streams at four principal sites in south Sweden. R. fasciata was taken
from a small stream in the vicinity of the Stampen field station, about 30 km
SE of Lund (55°35'N, 13°30’E). R. nubila were taken from a stream at S.
Asum (north Sj6bo), about 35 km E of Lund (55°39'N, 13°40’E). R. fasciata
were also collected at Jirsostrdmmen, the outlet of Lake Erken in the province
of Uppland (59°51', 17°22'E). H. angustipennis were collected near the village
of Ovedskloster, about 30 km E of Lund (55°41'N, 13°39’E). Adults of R.
nubila and R. fasciata were collected by sweep-netting in the stream shore
vegetation, at the same localities where their pupae were collected.

The pupae of each species were kept in aerated water baths in a rearing
chamber with a light-dark cycle similar to outdoor conditions at the time of the
year, and at a temperature varying between 21 and 25°C. Polystyrene rafts were
positioned in the water baths to provide a support for the emergence of the adult
insects. Adults were removed and kept separately for identification and sexing
prior to experimentation.
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Identification and Sexing. R. fasciata and R. nubila, are distinguished by
wing-shape and pattern and by certain characteristics associated with the genital
segment and shape of the ovipositor. R. nubila has a more angular hind wing,
while R. fasciata has more conspicuous wing markings (e.g., Esben-Petersen,
1916).

The locality for collection of H. angustipennis was inhabited by only one
other known species of Hydropsyche (H. siltalai), comprising approx. 1% of
the populati