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Abstract
There are contrasting hypotheses regarding the role of plant volatiles in host plant location. We used the grape berry moth (GBM;
Paralobesia viteana)-grape plant (Vitis spp.) complex as a model for studying the proximate mechanisms of long distance
olfactory-mediated, host-plant location and selection by a specialist phytophagous insect. We used flight tunnel assays to observe
GBM female in-flight responses to host (V. riparia) and non-host (apple, Malus domestica; and gray dogwood, Cornus
racimosa,) odor sources in the form of plant shoots, extracts of shoots, and synthetic blends. Gas chromatography-
electroantennographic detection and gas chromatography/mass spectrometry analyses were used to identify antennal-active
volatile compounds. All antennal-active compounds found in grape shoots were also present in dogwood and apple shoots.
Female GBM flew upwind to host and non-host extracts and synthetic blends at similar levels, suggesting discrimination is not
occurring at long distance from the plant. Further, females did not land on sources releasing plant extracts and synthetic blends,
suggesting not all landing cues were present. Additionally, mated and unmated moths displayed similar levels of upwind flight
responses to all odor sources, supporting the idea that plant volatiles are not functioning solely as ovipositional cues. The results
of this study support a hypothesis that GBM females are using volatile blends to locate a favorable habitat rather than a specific
host plant, and that discrimination is occurring within the habitat, or even post-landing.
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Introduction

An organism’s survival depends on the location of patchily
distributed resources. For example, the distribution of plants is
often mediated by patchy resources, such as sunlight or soil
nutrient availability (Cole and Weltzin 2005; Galiano 1985),

as well as competitive interactions between plants. Plants
themselves are important resources to herbivores and pollina-
tors, and can be difficult for herbivores to locate when patchily
distributed (Miller and Strickler 1984). Phytophagous insects
can use plants as food, courtship/mating locations, and ovipo-
sition sites (Dethier 1941; Landolt and Phillips 1997;
Schoonhoven et al. 2005), and there is evidence that plant
volatiles can play a critical role in the location of a host plant
(Bruce et al. 2005; Bruce and Pickett 2011; Finch and Collier
2000; Fraenkel 1959). However, the precise role of these vol-
atiles (and the behaviors they elicit) in the host-location pro-
cess remains poorly understood, and there is much debate
regarding the mechanisms of olfactory-mediated host plant
location (Bruce et al. 2005; Finch and Collier 2000;
Fraenkel 1959).

Four principal hypotheses describing host plant location
are illustrated in Fig. 1. Favorable abiotic conditions initiate
the host location process (Fig. 1a). Common to all of the
hypotheses is the idea that detection of habitat cues (referred
to as the ‘habitat odor hypothesis’) is proposed to be an
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important first step in host-selection (Webster and Cardé
2016; Fig. 1b). Because specific host plant(s) may be difficult
to locate in a habitat where many plant species exist, an insect
might first search for a favorable habitat that is associated with
the host plant to increase the probability of finding a host (Fig.
1b; Bell 1990; Meiners 2015; Webster and Cardé 2016).
Insects may also use nonspecific habitat cues such as visual
(Döring 2014), or differences in CO2 (Faucher et al. 2013) and
relative humidity (Janzen 1987), to aid in the location of a
favorable habitat. Common plant volatiles in high quantities
may also be important habitat cues. These volatiles are gener-
ally ubiquitous in nature and, therefore, may not provide cues
for a specific host plant. For example, tobacco budworm
moths, Chloridea virescens, displayed increased attraction
to, and laid more eggs on, tobacco plants supplemented with
synthetic Germacrene-D (a common plant volatile) compared
to control plants that do not produce Germacrene-D
(Mozuraitis et al. 2002). An insect might use any or all of
these cues to locate a favorable habitat, and then search for
and select a specific host plant using key volatiles.

In the ‘appropriate/inappropriate landings hypothesis’,
Finch and Collier (2000; Fig. 1C) proposed that flying insects
use nonspecific plant volatiles to land on a potential host (Fig.
1C). The insect assesses the potential host based on a series of
consecutive short flights, termed ‘spiral flights’ (Prokopy et al.
1983), on plant material (Fig. 1C-4). In their study system, the
specialist cabbage root fly, Delia radicum, exhibited short (5–
10 cm) spiral flights either from the plant to the substrate (the
ground or paper), from the substrate to the plant, or to and
from the same site (plant or substrate) prior to oviposition
(Prokopy et al. 1983). Ninety percent of the observed females
performed spiral flights with an average of 4 flights per fe-
male. Contacts with non-host material (inappropriate land-
ings) prevented females from acquiring sufficient positive
stimuli to lay eggs (Finch and Collier 2000). Additionally,
the female required consecutive landings on host plant mate-
rial (appropriate landings) to lay an egg. Thus, in this model,
insects use appropriate/inappropriate landings to discriminate
between host and non-host plants, with plant selection occur-
ring post-landing (Fig. 1C-4*).

Insect takes flight because of favorable 
abiotic conditions (photoperiod, 

temperature).

Habitat cues such as small differences in humidity and CO2 may enhance 
these responses. 

Insect detects a specific blend of 
ubiquitous plant volatiles, locks in to the 

odor plume, and orients towards the 
host.  

Insect detects unique, plant-specific 
volatiles, locks in to the odor plume, and 

orients towards the host. 

Insect follows the odor plume and lands 
on the plant.

Insect follows the odor plume and lands 
on the plant.

1

Insect continues flying as part of 
natural appetitive searching 
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uses tarsal receptors to identify 
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Fig. 1 Visual summary of hypotheses describing insect host location. A
Insect and box indicates that all theories describe this process (Bruce et al.
2005; Fraenkel 1959; Finch and Collier 2000; Webster and Cardé 2016).
BBoxes are supported by the habitat odor hypothesis (Webster and Cardé
2016). C Boxes/insects are supported by the appropriate/inappropriate
landings hypothesis (Finch and Collier 2000). D Boxes/insects are sup-
ported by the specific blends of ubiquitous compounds hypothesis (Bruce
et al. 2005), (E) boxes/insects are supported by the ‘token stimulus hy-
pothesis’ (Fraenkel 1959), and (D + E) insects/lines are supported by both
the ‘specific blends of ubiquitous compounds hypothesis’ and the token
stimulus hypothesis (Fraenkel 1959; Bruce et al. 2005). Intermittent black

dotted lines indicate an odor plume, and gray dotted lines indicate landing
behavior. In all cases, the insect takes flight in response to abiotic condi-
tions (1). Habitat cues (B) may enhance each set of behaviors (Webster
and Cardé 2016). Oriented upwind flight (2) and landing (3) are elicited
by either specific blends of volatile compounds (D), or species-specific
compounds (E), or no oriented upwind flight occurs (2, C). Nonspecific
plant volatiles stimulate the insect to land on the plant (3, C), and initiate
post-landing assessments of the plant. Spiral flights (4, C) are performed
to determine whether the plant is a host or a non-host. Asterisks indicate
the point at which discrimination occurs
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In a second hypothesis, commonly referred to as the ‘token
stimulus hypothesis’, Fraenkel (1959) suggested that host plant
choice is based solely on the presence of ‘odd compounds’ spe-
cific to a particular taxon of plants (Fig. 1e). According to this
hypothesis, species-specific compounds stimulate an insect to fly
upwind and land on the odor source (Fig. 1e). Thus, host-plant
discrimination occurs at a distance through the detection of
species-specific volatile compounds (Fig. 1e-2*). The best doc-
umented example to support this hypothesis is the aphid/mustard
plant (Brassica spp.) complex. Aphids that specialize onmustard
plants locate their host using isothiocyanates (Döring 2014;
Pickett 1992; Webster et al. 2008), which are almost exclusively
found inBrassica spp. (Ahuja et al. 2009). It should be noted that
while there is strong evidence to support this hypothesis, these
examples are limited, and do not provide a general mechanism
for host-plant location.

In a third hypothesis, Bruce et al. (2005) proposed that, in
the majority of cases, insects use mixtures of compounds com-
monly found in the environment to locate their host plant (Fig.
1d). According to this hypothesis, specific blends of ubiqui-
tous plant volatile compounds stimulate an insect to fly up-
wind and land on the odor source (Fig. 1d). Host plant dis-
crimination occurs over a distance through the detection of
these specific blends of ubiquitous volatile compounds (Fig.
1d-2*). Electrophysiological studies from insects across five
orders have demonstrated the use of ubiquitous plant volatiles
for host-plant location [reviewed in Bruce et al. 2005; see
Table 1]. Importantly, if the behaviorally active compounds
are common plant volatiles, then discrimination can be en-
hanced through the detection of incorrect blends containing
compounds that antagonize upwind oriented flight.

There are documented cases of insects using antagonist com-
pounds to discriminate between volatile mixtures produced by
different plant species. Different host races of apple maggot flies,
Rhagoletis pomonella, discriminate between host and non-host
fruit. Apple and hawthorn race flies specializing on apple,Malus
domestica, and hawthorn, Crataegus mollis, displayed maximal
levels of upwind oriented flight to synthetic blends of natal host
volatiles compared to blends of non-host volatiles (Linn et al.
2005). This blend discrimination is facilitated through the detec-
tion of compounds found in non-host blends (Linn et al. 2003b).
For example, the addition of 3-methylbutan-1-ol (an essential
component of the hawthorn blend) to the otherwise attractive
apple blend reduced upwind flight of flies to the apple blend.
The detection of compounds that antagonize oriented upwind
flight may be an important evolutionary strategy to discriminate
between similar odor blends.

However, not all insects in a population require specific vol-
atile cues to initiate oriented upwind flight behavior. Evidence of
a low but consistent, oriented upwind flight response to incorrect
odor blends has been observed in both flies (Linn et al. 2003b;
Nojima et al. 2003a; Powell et al. 2012) andmoths (Droney et al.
2012; Linn et al. 2003a; Martin et al. 2016). Linn et al. (2003a)

showed that 5–10% of European corn borer, Ostrinia nubilalis,
male moths (both Z and E races) flew upwind to the dissimilar
female-produced sex pheromone blend of a closely related spe-
cies, the Asian corn borer, O. furnacalis. The O. nubilalismales
that flew to the O. furnicalis blend also flew upwind to their
respective female-produced sex pheromone blends, suggesting
these males display a broad response to blends. Martin et al.
(2016) showed that ~20% of E- strain O. nubilalis males fly
upwind to a series of artificial combinations of O. nubilalis and
O. furnacalis sex pheromone blends, suggesting that a portion of
male moths can broadly respond, even to incorrect blends.
Additionally, Karpati et al. (2013) found that after male
O. nubilalis moths ‘lock on’ to an attractive odor plume, even
previously unattractive pheromone blends elicit upwind flight
behavior, suggesting further that moths are capable of broad
pheromone responses. Apple maggot flies also displayed a broad
response to natal and non-natal fruit blends. For example, 10–
30% of apple host race flies that flew upwind to synthetic blends
of apple also responded to synthetic blends of non-natal haw-
thorn, Crataegus spp., fruit odor and vice versa (Linn et al.
2003b). Broad responders could have significant evolutionary
importance as a source of genetic variation that allows for sym-
patric speciation through shifts to new host plants (Clifford and
Riffell 2013; Linn et al. 2005, 2012; Powell et al. 2012).

The grape berry moth (GBM), Paralobesia viteana, is a
tortricid moth native to the eastern United States
(Taschenberg et al. 1974), and is an important pest of cultivat-
ed grape (Williamson and Johnson 2005). The GBM is an
ovipositional specialist, laying its eggs almost exclusively on
grape clusters in the field but also on leaves under laboratory
conditions (Clark and Dennehy 1988). In studies to determine
whether a monitoring trap using plant volatiles could be de-
veloped for female GBM, Cha et al. (Cha et al. 2008a, b)
showed that females displayed oriented flight toward host
plant material in a flight tunnel. A blend of eleven behavior-
ally active compounds was identified, and two different 7-
component subsets of the complete blend were found to elicit
equivalent levels of behavior under the same conditions (Cha
et al. 2008b, see Table 2). The identified compounds are com-
mon plant volatiles, supporting the ‘specific blends of com-
mon volatiles’ hypothesis for host location (Bruce et al. 2005).

Because of its narrow host range and responses to blends of
ubiquitous volatiles, theGBM-grape plant complex represents an
excellent system to test host plant discrimination hypotheses,
especially the specific blend hypothesis proposed by Bruce
et al. (2005) involving ubiquitous blends and antagonist com-
pounds. The goal of this study was to determine whether GBM
females discriminate host from non-host plants over a distance,
and whether any discrimination involves the detection of antag-
onistic compounds from non-host plants that arrest long distance
upwind flight. In previous work (Cha et al. 2008a), grape shoots
of Vitis riparia elicited maximal levels of oriented upwind flight
in flight tunnel assays compared to other grape tissue. Therefore,
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we used this as host material in this study. Apple, Malus
domesticus, and gray dogwood, Cornus racemosa, were chosen
as non-host plants because of their overlapping range and phe-
nology with native grape. We used flight tunnel assays to record
the insect’s behavioral responses to host and non-host plants. We
collected volatiles from each plant, and used flight tunnel assays,
gas chromatography-electroantennogram detection (GC-EAD)
and gas chromatography/mass spectrometry (GC/MS) in an iter-
ative process to identify a behaviorally active volatile blend for
each plant. Contrary to our predictions for this specialist insect,
we did not find evidence supporting long distance discrimination
or antagonism but, rather, found that females responded equally
well to the three plant species. We discuss the results in the
context of the other two hypotheses, as well as the habitat loca-
tion hypothesis, in order to understand the mechanism(s) of host
plant location in phytophagous insects.

Methods and Materials

Insects GBM were reared in cages placed in walk-in envi-
ronmental chambers at 26 °C and 60% RH under a
16:8 L:D photoperiod. Adults were allowed to oviposit

on seedless grapes (V. vinifera, red flame variety). Red
flame variety was used for oviposition and larval devel-
opment because this variety was readily available for pur-
chase. First and second instars were transferred to a diet
cup (30 ml, WinCup Inc.) and reared on semi-synthetic
diet (Nagarkatti et al. 2000) that consisted of grapes, pinto
beans, and commercially available tobacco hornworm diet
(Bio-Serv, Flemington, NJ). For behavioral assays,
unmated female moths were taken from cohorts set up
by placing 10–15 female pupae (near eclosion) in a
Plexiglass mating cage (30 cm H × 30 cm W × 30 cm D)
and were provided with a 50% honey and water solution.
Twenty male pupae were added to additional mating cages
loaded with 10–15 female pupae, so as to provide mated
females for bioassay. For all flight tunnel assays reported
below, both unmated and mated females were tested to
each treatment.

Plants Vitis riparia, a native host species of GBM in
northeastern USA, was used as the host plant for these exper-
iments, because this variety grew well under greenhouse con-
ditions. Jonagold apple trees, M. domestica, and Gray
Dogwood, C. racimosa, were purchased from a local nursery
(Mayflowers, Canandaigua NY, US) and used as non-host
plants for these experiments. All plants were maintained in a
greenhouse as previously described (Cha et al. 2008a), with
temperatures maintained between 21 and 26 °C. Supplemental
light was provided to extend the day length to 16 hr.

Adsorbent SamplingWe used a push–pull collection system to
collect headspace volatiles of live grape, apple, and gray dog-
wood plants. The system consisted of a custom-made, bell-
shaped glass chamber (18 cm i.d., 10 l) with two air-in
adapters (7 mm i.d.) on the top and four air-out adapters

Table 1 Compounds in grape and
two hon-host plants, dogwood
and apple, which elicited an
electroantennogram detection
(EAD) response

Relative Ratio

Compound # Retention Time (min) Compound Name Grape Dogwood Apple

1 6.7 (Z)-3-hexan-1-ol – – 2

2 9.1 1-Methylcyclohexanol – – 3

3 9.6 (E)-β-ocimene 1 2 4

4 10.0 Linalool 3 2 1

5 10.7 (Z)-3-hexen-1-yl acetate 2 15 15

6 10.8 (E)-4,8-dimethyl-1,3,7-nonatriene 64 23 15

7 11.1 Nonanal 3 2 2

8 11.7 Decanal 2 1 1

9 12.4 Methyl salicylate 5 2 11

10 14.1 β-Caryophyllene 8 7 2

11 15.1 Germacrene-D 14 2 5

12 15.3 α-Farnesene 36 19 41

Peaks that showed consistent EAD activity were chemically identified. Synthetic blends were prepared using
relative ratios observed in the corresponding extract

Table 2 Summary of flight tunnel experiments showing the number of
flights of individual moths to each treatment of grape and two non-host
plant species

Treatments (number of flights) Grape Dogwood Apple

Shoot 296 98 148

Extract 147 63 109

Blend 31 87 99

J Chem Ecol (2019) 45:946–958 949



(7 mm i.d.) equally distributed on the bottom wall of the
chamber. The glass chamber was placed on two pieces of
Pyrex glass with a hole (2 cm) in the middle so that the veg-
etative portion of the plant could be sampled to accommodate
a whole, live potted plant. After a plant was set up in the
chamber, the chamber was flushed with filtered air
(5 l.min−1) for 24 hr to replace the original air inside the
chamber and to stabilize volatile emission from the plant, be-
cause we noticed that handling of the plant during set up
temporarily induced release of green leaf volatiles. During
the collection, flow meters were used to ensure that more
filtered air was pushed into the chamber than pulled out
through the charcoal filters, so as to eliminate possible con-
tamination from outside air. Filtered clean air was pushed into
the chamber at 5.0 l.min−1, and volatiles from the headspace
of grape shoots were drawn by a vacuum pump onto four
activated charcoal filters at 1.2 l.min−1/filter (ORBO32-small,
Supelco Inc., Bellefonte, PA, USA). Adsorbent samplings
were made over 4 d in the greenhouse (18:6 L:D). The cham-
ber was washed with acetone, and new ORBO filters were
used for each new plant. The volatiles were eluted with
300 μl hexane every 24 hr and combined in the same vial.
The combined extract was concentrated to 1 ml under a gentle
stream of nitrogen gas and kept in a freezer (−20 °C) before
use in GC-EAD and GC-MS analyses, and flight tunnel
assays.

Coupled GC-EAD Analysis A Hewlett-Packard 5890 Series II
GC, equipped with a DB-1 capillary column (30 m × 0.25mm
i.d., 0.25 μm film thickness; J&W Scientific, Folsom, CA,
USA), a DB-5 capillary column (30 m × 0.25 mm i.d.,
0.25 μm film thickness; J&W Scientific), or a DB-Wax cap-
illary column (30 m × 0.25 mm i.d., 0.25 μm film thickness;
J&W Scientific) was used for GC-EAD. The oven tempera-
ture was 40 °C for 5 min, then increased at 15 °C.min−1 to
250 °C. Injector and detector temperatures were set at 280 °C
and 270 °C, respectively. Splitless injection was used with
nitrogen as carrier gas at 2 ml.min−1. The column effluent
was split in a ratio of 1:1 to the flame ionization detector
and the heated (270 °C) EAD port.

A whole head was removed from a 3-d-old virgin female
GBM and mounted on a saline-filled micropipette in an acryl-
ic holder as previously described (Cha et al. 2008b; Nojima
et al. 2003b). Both antennae were positioned in the other
saline-filled micropipette. We used an Ephrussi–Beadle
Insect Ringer as saline (Ephrussi and Beadle 1936). The tips
of both antennae were dipped in saline containing surfactant
(0.02% Triton X-100) for easy manipulation. The antennal
holder was placed inside a humidified cooling condenser
maintained at 10 °C. A minimum of five different antennal
pairs were used to analyze volatiles from plant shoot extracts.
Synthetic blends were prepared according to the ratios in
Table 1, and diluted with dichloromethane to 0.1 mg/ml.

Chemical Analysis Extracts were analyzed using an Agilent
5890 gas chromatograph coupled to a 5973n mass selective
detector running in EI mode at 70 eV. The GC was equipped
with a DB-1 ms non-polar column (30 m × 0.25 mm i.d.,
0.25 μm film thickness; J&W Scientific) or a polar DB-Wax
column (30 m × 0.25 mm ID, 0.25 μm film thickness; J&W
Scientific). Helium was the carrier gas at a constant flow of
1.0 ml.min−1. The oven temperature program was 40 °C for
5 min, then 15 °C.min−1 to 250 °C, and held for 5 min. Volatile
compounds were tentatively identified by mass spectral
matches to library spectra and confirmed by retention time
and mass spectral matches to available authentic standards.

Chemicals (Z)-3-hexen-1-yl acetate, ethyl hexanoate, nonanal,
racemic linalool, methyl salicylate, decanal, β-caryophyllene,
and α-farnesene were obtained from Sigma-Aldrich Inc. (St.
Louis, MO, USA), Alfa Aesar (Ward Hill, MA, USA), Fluka
(Buchs, Switzerland) or TCI America (Portland, OR, USA).
All except α-farnesene (a mixture of isomers) were > 97%
purity. The 4,8-dimethyl-1,3(E),7-nonatriene was provided
by the Chong lab (University of Waterloo, Ontario, CA).
Germacrene-D was isolated from golden rod as 91%
germacrene-D and 9% β-caryophyllene (by USDA
Chemistry Research Unit, Gainesville, FL, USA).

Flight Tunnel The flight tunnel was 2 m long X 0.6 m wide X
0.6 m high, with a fan installed at the upwind end to create a
steady airflow into the tunnel and an exhaust hood at the
downwind end to evacuate odor (Cha et al. 2008a, b). Wind
speed was 0.25 m.s−1 at the wire stand where the moths were
introduced into the tunnel. A pattern of dark green paper cir-
cles (10 cm diam.) was randomly presented both on a white
background glass floor and on the glass ceiling below the light
source to provide the insects with ample visual stimuli to fly
upwind. During the experiments, the average temperature in
the tunnel was 23.8 ± 0.07 °C, and the relative humidity 55.19
± 0.33%. Female moths were placed in the flight tunnel room
1 hr prior to scotophase. Light intensity was reduced to 25 lx
30 min before dark, and remained at this intensity for the
behavioral assays. Behavioral assays began 15 min. Prior to
scotophase. These conditions promote high levels of GBM
optomotor anemotaxis (Cha et al. 2008a).

The odor source was placed 30 cm from the upwind end of
the tunnel. Four- to five-day old females were used in all flight
tunnel assays. All insects were discarded after being assayed
once. Female moths were placed in the flight tunnel individ-
ually in a metal screen release cage on a wire stand 1.5 m
downwind of the source, and their behavior observed for
5 min. We recorded whether the insect flew out of the release
cage, flew upwind (more than 10 cm of oriented flight toward
the source), and landed on the source. Fisher’s exact test
(P < 0.05) was used to compare the percent response of
GBM females to the different odor sources. A G-test (P
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7: Nonanal
8: Decanal
9: Methyl Salicylate
10: β-Caryophyllene
11: Germacrene-D
12: α-Farnesene

1: (Z)-3-Hexen-1-ol
2: 1-Methylcyclopentanol
3: (E)-β-Ocimene

5: (Z)-3-Hexen-1-yl Acetate
6: (E)-4,8,-Dimethyl-1,3,7-
     nonatriene 

Dogwood 3      4          5 6     7     8          9                          10               11 12

3      4          5  6     7    8           9                         10              1112

1                                 2     3      4          5 6     7     8          9                          10              1112

Grape

Apple

4: Linalool
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< 0.05) of independence was used to compare each odor
source to the grape shoots and the expected response to a
non-host plant. Based on our previous research, showing that
levels of ‘broad response’ can vary from 5 to 30%, we selected
an expected threshold of 10% for statistical comparisons.

Treatments The behavioral responses (upwind flight and land-
ing) of individual moths to plant odor sources (summarized in
Table 2) were observed in the flight tunnel. Freshly cut plant
shoots and rubber septa (Thomas Scientific, Swedesboro, NJ,
USA) loadedwith either synthetic blends or adsorbent extracts
were used as odor sources in the flight tunnel. Two shoots
were cut 15 cm in length and immediately placed in a 4 ml
plastic tube filled with deionized water, as described in previ-
ous studies (Cha et al. 2008a, b), and discarded after one flight
session. Responses of GBM females to grape shoots were
used as positive controls in flight tunnel assays, and the re-
sponses of both mated and unmated females were tested.
Expected response values for a non-host plant was set at
10% upwind flight (rather than 0%) based on the existence
of broad responders found in previous work on apple maggot
flies and European corn borers (Droney et al. 2012; Linn et al.
2003a, b, 2012; Martin et al. 2016; Nojima et al. 2003a;
Powell et al. 2012). Septa were loaded with 300 μl of extract
or blend (at 0.1 mg/ml) and placed in a fume hood for 1 hr to
allow evaporation of the solvent. Septa were stored in a freezer
(−20 °C) between tests. GC-EAD-active blends for each plant
were prepared in ratios that corresponded to the ratios of com-
pounds found in the corresponding plant extract.

Results

Analysis of GC-EAD-Active Compounds All of the previously
identified EAD-active compounds in the grape volatile profile
were also found in the dogwood and apple volatile profiles
(Table 1; Fig. 2). (E)-β-Ocimenewas not previously identified
in the EAD-active grape volatile blend, but was EAD active
and present in all three volatile blends in this study. (Z)-3-
Hexan-1-ol and 1-methylcyclohexanol were EAD active and
only found in the apple volatile blend.

GBM Response to Plant Shoots Of the GBM females (mated
and unmated combined) tested, 59.1% flew upwind, and
37.5% landed to grape shoots (Fig. 3a; n = 296). The moths
behaved similarly to dogwood shoots (n = 98), with 54.1%

flying upwind (Fisher’s exact test, P = 0.35) and 35.7% land-
ing (Fisher’s exact test P = 0.81). Female GBM (n = 148) flew
upwind (44.6%) and landed (22.3%) in response to apple
shoots, both lower percentages than to grape shoots (Fisher’s
exact test, upwind flight P = 0.005; landing P = 0.01). A sim-
ilar percentage (Fisher’s exact test P = 0.12) of females flew
upwind to dogwood shoots as to apple shoots, but a higher
percentage (Fisher’s exact test, P = 0.02) of females landed on
dogwood shoots compared to apple shoots.

Significantly higher percentages of female GBM flew up-
wind to and landed on both non-host plants than expected,
using our 10% threshold for expected broad response individ-
uals (G-test, dogwood: upwind flight P < 0.001, landing P =
0.002; apple: upwind flight P < 0.001, landing P = 0.004).
When mated and unmated moths are considered separately,
the results show similar percentages of both groups flew

�Fig. 2 Representative coupled gas chromatography-electroantennogram
detection (GC-EAD) responses (using Paralobesia viteana female anten-
nae) to plant extracts. EAD recordings are shown above the correspond-
ing chromatograms. Numbered spikes displayed consistent antennal ac-
tivity and were identified by gas chromatography/mass spectrometry (see
Table 1)
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upwind to grape shoots (Fig. 3b; mated n = 143, 54.6%;
unmated n = 153, 61.1%; Fisher’s exact test P = 0.29), dog-
wood shoots (mated n = 42, 54.8%; unmated n = 56, 53.6%;
Fisher’s exact test P = 0.52), and apple shoots (n = 51, 50.1%;
unmated n = 82, 44.5%; Fisher’s exact test P = 0.37).

GBM Response to Rubber Septa Releasing Adsorbent Extracts
Grape berry moth females (Fig. 4a; mated and unmated
combined; n = 147) flew upwind 45.6 % of the time in re-
sponse to grape extract, which was similar to the percentages
to dogwood (n = 63, 50.8%, Fisher’s exact test P = 0.55), and
apple extracts (n = 109, 45.0%, Fisher’s exact test P = 1). The
upwind flight response to ogwood extract was not different
from the response to apple extract (Fisher’s exact test, P =
0.53).

When considered separately, mated and unmated moths
flew upwind in similar percentages to grape extract (Fig. 4b;
mated n = 66, 40.9%; unmated n = 81, 49.4%; Fisher’s exact
test P = 0.32), dogwood extract (mated n = 19, 47.4%;
unmated n = 44, 52.3%; Fisher’s exact test P = 0.79), and ap-
ple extract (n = 51, 51.0%; unmated n = 58, 39.7%; Fisher’s
exact test P = 0.25).

Female GBMmoths did not land on rubber septum sources
releasing grape and apple extract volatiles, and only 1.6% of
females landed on the septum with dogwood extract.

GBM Response to Rubber Septa Sources Releasing Synthetic
Blends Female GBM (Fig. 5a; mated and unmated combined)
flew upwind 51.6% of the time in response to the grape syn-
thetic blend (n = 42), which similar to the percentages to the
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dogwood (n = 87, 52.9%, Fisher’s exact test P = 1), and the
apple synthetic blends (n = 99, 48.5%, Fisher’s exact test P =
0.84). The upwind flight response to the dogwood synthetic
blend was not different from the response to the apple blend
(Fisher’s exact test, P = 0.56).

As observed for the extracts, females did not land on
rubber septum sources releasing any of the three synthetic
blends. When considered separately, mated and unmated
moths flew upwind in similar percentages to the grape
(mated n = 24, 50.0%; unmated n = 7, 57.1%; Fisher’s ex-
act test P = 1), dogwood (mated n = 44, 61.4%; unmated
n = 43, 44.2%; Fisher’s exact test P = 0.20), and apple
synthetic blends (n = 53, 50.1%; unmated n = 46, 45.7%;
Fisher’s exact test P = 0.69).

Discussion

Host plant location by phytophagous insects involves a
cascade of behaviors including oriented upwind flight,
landing, and host acceptance, ultimately culminating with
feeding, or in the case of female moths, oviposition or
release of sex pheromone (Fig. 1; Landolt and Phillips
1997; Visser 1986, 1988). We used the GBM-grape plant
complex as a model for understanding the proximate ol-
factory mechanisms for host plant location by a specialist
phytophagous insect over distance. Female GBM
displayed higher levels of upwind flight to non-host odor
sources (Figs. 3, 4 and 5) than we expected from the
specific blend of ubiquitous odors hypothesis (Bruce
et al. 2005). The similar levels of upwind oriented flight
to host grape and non-host gray dogwood and apple sup-
port the conclusion that the moths are not discriminating
between host and non-host plants over a distance. Mated
and unmated females oriented at similar levels to all odor
sources (Figs. 3, 4 and 5b), further suggesting that plant
volatiles are not being used as a specific long-range cue.

Phytophagous insects have diverse uses for their host
plants. Much of the literature has focused on host plant
location for the purpose of feeding or oviposition (Bruce
et al. 2005; Bruce and Pickett 2011; Finch and Collier
2000; Webster and Cardé 2016), and have, therefore, fo-
cused on mated females. However, unmated moths may
already be on a host plant before releasing sex phero-
mone, making host location by mated moths less relevant
(Shorey 1974). In that case, unmated female moths may
display oriented upwind flight to their host plants for
courtship/mating purposes, and should, therefore, be con-
sidered in behavioral assays to understand mechanisms
for host plant location. For example, host plant volatiles
stimulate female ermine moths, Yponomeuta spp., corn
earworm moths, Helicoverpa zea, and cabbage looper
moths, Trichoplusia ni, to release pheromone (Hendrikse

and Vos-Bünnemeyer 1987; Landolt et al. 1994; Raina
et al. 1992). Mated and unmated GBM females displayed
similar responses to host plant volatiles, suggesting
unmated moths could use the host plant as a courtship/
mating site in addition to an oviposition site.

In our initial assays with plant shoots, female GBM
displayed higher levels of upwind flight and landing to
non-host apple shoots than expected (Fig. 3a), but at a
lower percentage compared to grape, which might suggest
that, based only on responses to plant material, antagonist
compounds in apple might be present. However, this dif-
ference can also be explained by a difference in concen-
tration or release rate among the plants. The length of
plant shoots used in flight tunnel assays was controlled
among plant species, but each species might be releasing
volatiles at different rates, resulting in small (~15%) dif-
ferences in behavior. The moths displayed similar percent-
ages of upwind flight when the concentration of the vol-
atiles was controlled (in the extracts and synthetic blends;
Figs. 4a and 5a), supporting the idea that the difference
could be mediated by differences in relative release rates
between grape and apple shoots. Additionally, it is impor-
tant to note that it is not known how the release rates from
the rubber septa compare to release rates from the plants.
Importantly, however, all odor sources elicited similar
levels of upwind flight behavior, indicating stimulatory
quantities of volatiles were being released by the odor
sources.

All of the EAD-active compounds in the grape volatile
profile were also found in the dogwood and apple volatile
profiles (Table 1; Fig. 2). The non-host plants contained vol-
atile compounds not previously identified in the grape blend,
but these compounds were not antagonistic, as a higher per-
centage of moths flew upwind to synthetic blends containing
these compounds than expected. The redundancy of the com-
pounds in all three volatile profiles supports the observed
flight tunnel behavior, and the conclusion that female GBM
are not using blends of ubiquitous volatiles to discriminate
between host and non-host plants over a distance.

The lack of observed discrimination among blends in the
no-choice assays is not necessarily surprising because the
composition of all three blends is similar. Blend preferences
could be observed using choice tests. Additional testing
could also explore the plasticity of the oriented upwind
flight response using artificial blend manipulation.
Artificial blends were manipulated in previous work explor-
ing the importance of key compounds by changing the
presence/absence of the compounds (Cha et al. 2008b).
However, further testing of artificial blends should be con-
ducted to mimic and change non-host blends. For example,
the apple blend contained ~2x more methyl salicylate and
~4x more (E)-β-Ocimene than the grape blend (Table 1).
Future studies could increase the relative amounts of these
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compounds to observe whether a threshold of these com-
pounds exists that fails to elicit upwind oriented flight.

Hypotheses for Volatiles and Host Plant Location at a
Distance The results of this study do not support the token
stimulus (Fig. 1e; Fraenkel 1959) or the ‘ratio specific blends’
hypotheses (Fig. 1d; Bruce et al. 2005). Bruce et al. (2005)
suggested that, in general, insects use blends of ubiquitous
plant volatiles rather than species-specific compounds, as
Fraenkel had suggested (Fraenkel 1959). Furthermore, Bruce
et al. (2005) argued that insects would be tuned to specific
ratios of ubiquitous compounds that comprise an appropriate
volatile blend (Bruce et al. 2005; Bruce and Pickett 2011). In
previous work, GBM females displayed lower levels of up-
wind flight when certain key EAD-active volatiles were re-
moved from the complete blend (Cha et al. 2008b).
Additionally, GBM females also displayed lower levels of
upwind flight when the ratios of key EAD-active volatiles
were individually doubled, or adjusted to match ratios emitted
by grape plants damaged by Japanese beetles, Popillia
japonica, (Cha et al. 2011). The results of these studies indi-
cate GBM females are sensitive to the specific composition of
blends, suggesting relative insensitivity to modest differences
in ratios. Moreover, the studies also reported higher levels of
upwind flight than would be expected if these ratios were the
result of an adaptive mechanism for host plant discrimination
(antagonism).

Our results support the ‘habitat odor’ hypothesis for
host plant location (Fig. 1b), by suggesting that host vol-
atiles provide a cue to a suitable habitat where a specific
plant can be selected (Webster and Cardé 2016). Their
hypothesis, in fact, goes further and suggests that insects
can use a number of habitat cues, such as common vola-
tile compounds, CO2 and/or humidity gradients, as well as
visual cues, to maximize the likelihood of encountering
specific host plant cues (Fig. 1; Webster and Cardé 2016).
According to the hypothesis, habitat odor cues differ from
host cues in that they are generally not species-specific,
are released in large quantities, can be detected at long
distances, and are associated with host-specific cues
(Webster and Cardé 2016). Habitat cues can attract insects
to an area associated with the host (habitat), and once in
the habitat, insects may use additional, species-specific
cues to locate the host. For example, European grapevine
moths, Lobesia botrana, have a wild host, V. vinifera, and
a recently colonized host, Daphne gnidium (Thiéry and
Moreau 2005). The volatile profiles of each plant were
analyzed, and blends of common and unique (to each
plant) EAD-active green leaf volatiles (GLVs) were pre-
pared. A low percentage of gravid females flew upwind to
synthetic blends of the EAD-active GLVs specific for
each plant, as well as to a blend of only the common
GLVs (Tasin et al. 2009). However, the upwind flight

behavior was recovered when the common GLVs were
added to each plant-specific blend, suggesting both com-
mon and plant-specific GLVs are used to locate a host.

Hawkmoth pollinators may use floral CO2 and humidity
gradients to select an appropriate nectar source (Contreras
et al. 2013; von Arx et al. 2012). White-lined sphinx moths,
Hyles lineatea, consistently approached and probed flowers
with elevated humidity more than those at ambient humidity,
suggesting the moths use small differences in relative humid-
ity to select a host. Furthermore, tobacco hornworm moths,
Manduca sexta, displayed high levels of upwind flight in re-
sponse to small differences in relative humidity (Wolfin et al.
2018). Additionally, hawkmoths spent more time on the side
of the flight tunnel with elevated humidity compared to the
side of the tunnel with ambient relative humidity, suggesting
humidity may also be an important upwind flight cue.

It is important to note that the hypotheses discussed in this
paper are largely not mutually exclusive. An insect may use
habitat cues to locate a favorable habitat then, once in the
favorable habitat, use some combination of mechanisms rep-
resented by the token stimulus hypothesis, specific blends of
ubiquitous compounds hypothesis, and/or the appropriate/
inappropriate landings hypothesis. For example, hawkmoths
use differences in relative humidity to locate potential host
plants in more humid habitats (Janzen 1987). However, hawk-
moths also use floral scent to discriminate between nectar
sources (Brantjes 1973). Therefore, it is likely that insects
may employ one or more of these hypotheses to locate a suit-
able host.

Using habitat odors to locate a host would be particularly
effective in the GBM-grape plant complex given the life his-
tories of the GBM and V. riparia. Vitis riparia is native to
North America from Canada to Texas, and the Rocky
Mountains to the Atlantic Ocean (Keller 2015). It is a woody
plant that climbs on trees and shrubs along riverbanks (Keller
2015). Female GBM could use habitat cues from either river-
banks (humidity) or surrounding flora to increase the proba-
bility of detecting host plant cues and locating a host.
Grapevines share range and phenology with wild apple trees
and gray dogwood shrubs, and may climb on them in wild
habitats. This association between host and non-host plants
may explain the observed orientation and landing behavior
of GBM to the non-host plants in this study, and supports
the use of habitat cues to locate a host plant (Webster and
Cardé 2016).

Landing ResponseHigher percentages of female GBM landed
on the non-host plants than we expected from the hypothesis
that this specialist species should detect antagonistic non-host
compounds as an adaptive mechanism for host plant discrim-
ination (Linn et al. 2003b; Nojima et al. 2003a; Powell et al.
2012). The fact that the moths landed on non-host plants is
further evidence that GBM females are not using a ‘token
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stimulus’ (Fraenkel 1959), or specific blends of volatile com-
pounds (Bruce et al. 2005) to locate a host. However, the
results support the ‘appropriate/inappropriate landings’ hy-
pothesis (Finch and Collier 2000). In this hypothesis, a flying
insect is stimulated to land through the detection of nonspe-
cific plant volatiles (Fig. 1c). Upon landing, the insect per-
forms multiple post-landing assessments of a plant to discrim-
inate between host and non-host. Post-landing behaviors were
beyond the scope of the current study, and require additional
behavioral assays to characterize.

Habitat cues may also be necessary to elicit GBM landing
(Finch and Collier 2000). The ‘appropriate/inappropriate land-
ings hypothesis’ (Finch and Collier 2000) suggested that non-
specific plant cues, such as common GLVs, stimulate insects
to land on a nearby green surface, while host plant discrimi-
nation and acceptance is mediated by post-landing behaviors.
For example, when presented with host plants paired with
non-host plants, and host plants paired with green paper, cab-
bage root flies, Delia radicum, landed more on non-host sub-
strates than expected (Kostal and Finch 1994). Additionally,
D. radicum did not display an ovipositional preference be-
tween artificial plants baited with host odors compared with
unbaited artificial plants (Prokopy et al. 1983). These studies
suggest that volatiles are a nonspecific landing cue, and host
plant discrimination occurs post-landing.

Finch and Collier (2000) suggested that insects use contact
chemoreceptors on their tarsi to assess a host plant. The small
cabbage white butterfly, Pieris rapae, uses tarsal chemorecep-
tors to detect glucosinolates and cardenolides that act as de-
terrents or stimulants for oviposition (Roessingh et al. 1992;
Stadler et al. 1995). Blaney and Simmonds (1990) observed
behavioral and electrophysiological responses of tarsal che-
moreceptors in Spodoptera littoralis, Spodoptera frugiperda,
C. virescens, and Helicoverpa armigera. All four moth spe-
cies detect sugars, amino acids, and allelochemicals using tar-
sal receptors, and have varying levels of sensitivities to each.
These sugars, amino acids, and allelochemicals could stimu-
late important behaviors such as feeding and oviposition
(Roessingh et al. 1992; Stadler et al. 1995). Because GBM
females landed on host-and non-host plants, contact chemore-
ception might be involved in host plant selection.

In the current study, female GBM did not land on a rubber
septum source in response to extracts or synthetic blends of
host and non-host plants. If all of the necessary host plant cues
were present, we expected similar percentages of moths to
land on the septa as on the corresponding plant shoots.
However, this lack of landing on the septa indicates GBM
may require additional cues to land. Cabbage moths,
Mamestra brassicae, flew upwind to extracts of host plant
volatiles in a flight tunnel (Rojas and Wyatt 1999).
However, the moths did not land on the odor source unless a
visual cue was also present. The observed landing response
here is consistent with previous studies on GBM females (Cha

et al. 2008b). Carbon dioxide or humidity gradients in the
presence of olfactory cues may also affect landing behavior
(Contreras et al. 2013; von Arx et al. 2012).

Conclusions

Many of the previous studies on insect host location over
distance have focused on oriented upwind flight as a key dis-
criminatory behavior (Bruce et al. 2005; Bruce and Pickett
2011). In the present study, similar percentages of GBM fe-
males flew upwind to host and non-host sources, suggesting
discrimination is not occurring over distance. This result sup-
ports the idea that phytophagous insects may fly upwind to
locate a favorable habitat rather than a host plant, and that
discrimination may occur within the habitat, or even post-
landing (Finch and Collier 2000; Webster and Cardé 2016).
GBM females did not land on extract/synthetic odor sources
in this study, and additional studies are needed to explore the
cues that stimulate landing.
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