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ABSTRACT Grape root borer, Vitacea polistiformis (Harris), is an oligophagous and potentially
destructive pest of grape in commercial vineyards throughout much of the eastern United States.
Larvae feed on vine roots, although little is known about their below-ground interactions with host
plants. The behavioral response of groups of grape root borer neonates to stimuli from host and
nonhost roots was evaluated in single and paired stimuli bioassays in which stimuli were presented
in opposing wells attached to the bottom of petri dish arenas. Stimulus sources included root pieces
and root headspace volatiles from 3309 and 420-A grape rootstocks (host) and apple (nonhost) and
ethanol-based extracts of 3309 and420-A roots. In single stimulus assays, signiÞcantlymore larvaewere
recovered from wells containing grape roots, apple roots, grape extracts, and grape root volatiles than
from control wells, but there was no signiÞcant response to volatiles collected from the headspace of
apple roots. In paired stimuli assays, signiÞcantly more larvae were recovered from wells containing
grape than apple roots. There was no difference in larval distribution between wells when 420-A and
3309 rootswerepresented simultaneously, although a signiÞcantly greater response to 3309 than 420-A
root extractwas recorded.When soilwas added to the assays, signiÞcantlymore larvaewere recovered
from wells containing grape roots than from those containing only soil, but this response was not
detected in assays using buried apple roots. These results are discussed in relation to the plantÐinsect
interactions between grape root borer larvae and their Vitaceae hosts.
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Grape root borer, Vitacea polistiformis (Harris) (Lep-
idoptera: Sesiidae), is an important oligophagous pest
of grape vines in portions of the eastern United States
(Brooks 1907, Clark and Enns 1964, All and Dutcher
1978, Bergh 2012). Larvae feed on roots of wild and
commercially important Vitis species and rootstocks
and can cause extensive damage that in severe cases
can lead to vine death (Dutcher and All 1976), as has
been observed in some vineyards in Virginia (J.P.R.,
unpublished data). Adults are common in commercial
vineyards and in forested areaswithwild grape (Snow
et al. 1991, Berghet al. 2005, Bergh 2006). In vineyards,
mated females deposit eggs on above-ground parts of
vines, weeds, and on the soil surface in vine rows
(Brooks 1907, Clark and Enns 1964, Dutcher and All
1979a). After hatching, neonates burrow through the
soil to Þnd grape roots, on which they are thought to
feed for 1Ð3 yr, with shortest and longest larval de-
velopmental durations in the southern (e.g., Florida
and Georgia) and northern (e.g., Ohio) portions of its
geographic range, respectively (reviewed in Bergh
2012). Neonates may establish on any part of the root
system, but tend tomove toward the crownof the vine

during their development (Clark and Enns 1964,
Dutcher and All 1978), creating increasingly large
feeding channels in the root cortex that are packed
with diagnostic reddish frass (Dutcher and All 1978).
Because of the subterranean habit of larvae and no
known speciÞc symptoms of vine infestation on the
above-ground plant parts, infestations often remain
undetected until vine vigor and productivity decline
(Dutcher and All 1979b).

The relatively indiscriminate oviposition site-selec-
tion behavior of female grape root borer (Clark and
Enns 1964) differs from that of many sesiid species,
which deposit eggs predominantly on speciÞc parts of
their host plants (Gentry and Wells 1982, Koehler et
al. 1983, Johnson 1993, Leskey and Bergh 2005), and is
likely due mainly to the below-ground source of larval
food. Similarly, random egg-laying behavior has been
observed in other species with root-feeding larvae,
such as clover root curculio, Sitona hispidula F. (Her-
ron 1953), and black vine weevil, Otiorhynchus sulca-
tus (F.) (Clark et al. 2011).

Given that vineyard infestation by grape root borer
ultimately depends on neonates Þnding and establish-
ing on vine roots and that, for reasons as yet unknown,
infestation severity can vary widely among and within
vineyards (J.P.R., unpublished data), understanding
the plantÐinsect interactions between this pest and its
wild and cultivated Vitaceae hosts will provide im-
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portant insights that may guide research toward its
sustainable management. In nature, the roots of wild
Vitis species likely occur in proximity to those ofmany
other plants, raising the question of whether food-
Þnding by grape root borer neonates occurs randomly
or is guided by host-speciÞc stimuli.

Food-Þnding by below-ground herbivorous arthro-
pods is mediated by host plant cues that may differ
according to thedegreeofhost speciÞcityexhibitedby
each species. Plant roots produce a multitude of com-
pounds (Uren 2000) that can impact below-ground
herbivory directly or indirectly by affecting insect
behavior or development (Hiltpold and Turlings
2012). Polyphagous root-feeding insects often use pri-
marymetabolites such asCO2, sugars, and amino acids
produced by roots to Þnd food (Thorpe et al. 1947,
Doane et al. 1975, Brown and Gange 1990, Bernklau et
al. 2005, Reinecke et al. 2008), while recognition, Þnd-
ing, and acceptance of host roots by mono- and oli-
gophagous species is often mediated by secondary
metabolites (MatsumotoandThorsteinson1968, Jones
and Coaker 1979, Soni and Finch 1979, Ross and An-
derson 1992) such as esters, aldehydes, ketones, iso-
thiocyanates, isofavonoids, and phenolics (Johnson
and Gregory 2006, Robert et al. 2012a). Studies using
various bioassay approaches have shown that chemi-
cal cues from intact roots (Johnson et al. 2004), sol-
vent-based root extracts (Kamm and Buttery 1984,
Tapia et al. 2005, Bergh et al. 2011), or root volatiles
(Matsumoto andThorsteinson 1968, Jones andCoaker
1979, Soni and Finch 1979, Koštál 1992, Wenke et al.
2010, Manosalva et al. 2011) from host plants elicited
positive behavioral responses by root-feeding insects.
Chemically mediated interactions between root-feed-
ing insects and their speciÞc host plants were re-
viewedmost recently by Johnson andGregory (2006),
Hiltpold and Turlings (2012), and Johnson and
Nielsen (2012).

Bergh et al. (2011) showed that recently eclosed
grape root borer neonates were recorded more fre-
quently on or near Þlter paper discs treated with
ethanol-based grape root extracts thanuntreated discs
or those treated with a nonhost (apple) root extract in
single extract bioassays. In paired extract assays, ex-
tracts from some Vitis species consistently elicited a
greater response than others. However, given that, 1)
larval responses were evaluated in a closed system, 2)
the compounds to which they were exposed were
inßuenced by the collection method, and 3) larvae
were able to contact the stimulus source and move
freely and continuously within the assay arena during
the exposure period, Bergh et al. (2011) were unable
to differentiate among several possible behavioral re-
sponses, including attraction, arrestment, or phago-
stimulation. Consequently, the studies reported here
were conducted to further elucidate the nature of the
stimuli involved in food-Þnding by larval grape root
borer, via examination of the response of larvae to
grape root stimuli from which they were physically
isolated within a ventilated assay.

Materials and Methods

Insects. Mated and virgin female grape root borer
moths were collected in July and August by scouting
in commercial vineyards in Virginia and from a vine-
yard at Virginia TechÕs Alson H. Smith, Jr.ÐAgricul-
tural Research and Extension Center (AHSÐAREC),
Winchester, VA. Scouting was conducted between 9
and 11 a.m., when the majority of adult emergence
occurs (Brooks 1918,Clark andEnns 1964).Virgin and
mated females were differentiated based on their be-
havior. Newly eclosed virgin females were typically
found sitting on the lower vine trunk,whereas females
collected while ßying along the vine row were
typicallymatedandusuallydepositedeggs in thehold-
ing containers soon after collection. Male moths were
collected using sex pheromone lures. Virgin females
and males were paired in wood and Plexiglas venti-
lated mating cages (35 cm in length by 35 cm in width
by 35 cm in depth) placed in a shaded area outdoors
and observed frequently for mating. Females that
mated in cages and those that were mated at the time
of collection were held individually in plastic contain-
ers (12 cm in depth by 14 cm in diameter) with a
screened lid and water-soaked cotton ball under
shaded conditions outdoors. Eggswere collected daily
andkept in50-by9-mmtight-lockpetridishes(Falcon
35-1006, Becton Dickinson and Co., Franklin Lakes,
NJ) in a covered plastic box (31 cm in length by 21.5
cm in width by 7.5 cm in depth) in a controlled en-
vironment chamber (Percival I-36LL, Percival Scien-
tiÞc, Perry, IA) set at a photoperiod of 14:10 (L:D) h
and constant 15�C to slow egg development. Bergh
(J.C.B., unpublished data) has shown that grape root
borer eggs can be held at this temperature for up to
21dwithoutaffectingpercentagehatch.Awater-Þlled
tray at the bottom of the chamber maintained ade-
quate humidity. As needed, groups of eggs were
placed at room temperature under natural daylight
and observed daily for larval development, which was
most apparentnear eclosion,when thedarkmandibles
could be seen. Recently eclosed (�2-h-old) actively
crawling and apparently healthy larvae were used in
bioassays.

Sources of Root Stimuli. The grape rootstock, 3309,
is a Vitis berlandieri Planch � Vitis riparia Michx.
hybrid and was widely planted in Virginia between
1988 and 2000, while the 420-A rootstock (V. riparia �
Vitis rupestris Scheele) has been less commonly used
but has commercial importance (T. Wolf, personal
communication). Grape roots (�1.5Ð3.0 mm in diam-
eter) from3309(11-yr-old) and420-A(6-yr-old) root-
stocks were collected by carefully removing the soil
fromaround thebaseof vines in commercial vineyards
and from a vineyard at the AHSÐAREC between July
and September of 2011 and 2012. Bergh et al. (2011)
showed that ethanol-based extracts fromboth of these
rootstocks elicited strong larval responses and that
there was no effect of vineyard or time of collection
during thegrowing season(JulyÐSeptember)on larval
response. Apple roots from the M.26 rootstock were
similarly collected from trees in orchards at the AHSÐ
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AREC. Exposed roots were pruned and placed in a
covered plastic box lined with damp paper towel.
Within 1 h of collection, root pieces were used in
bioassays or to prepare extracts.

Extract preparation followed Bergh et al. (2011).
Brießy, 5 g samples of pieces of 3309 and 420-A grape
root (2Ð3 cm in length and �1.5Ð3.0 mm in diameter)
were placed individually in 125-ml wide-mouth glass
jars with Teßon-lined caps containing 50 ml histolog-
ical grade ethanol (95% purity, Fisher, Pittsburg, PA)
for 30 min, then Þltered in a glass funnel through
Whatman No. 1 Þlter paper (GE Healthcare Life Sci-
ences, Piscataway,NJ) into 60-ml amberglass jarswith
Teßon-lined caps. Extracts were stored at 0�C until
being concentrated to �2 ml in a Buchi RE 111 Ro-
tavapor evaporator (Buchi Labortechnik AG, Flawil,
Switzerland) with vacuum in a water bath at �35�C.
Concentrated extracts were stored at 0�C.

Headspace volatiles were collected from the roots
of own-rooted 3309 and 420-A grape vines (1-yr-old)
and apple trees (2-yr-old) on M.26 rootstock grown in
18.9-liter plastic pots containing 50:50 soil: peat moss
in a greenhouse at the AHSÐAREC. At the U.S. De-
partment of AgricultureÐAgricultural Research Ser-
vice (USDAÐARS) Invasive Insect Biocontrol and Be-
havior Laboratory, Beltsville, MD, two vines and two
apple trees were carefully removed from the pots, and
most soil was removed from the root system by gentle
shaking and brushingwithout damaging the Þne roots.
The root systemof each plantwas enclosed in a plastic
oven bag (Reynolds Oven Bags, 482 by 596 mm, Reyn-
olds Kitchens, Richmond, VA) that was sealed tightly
around base of the trunk, and the plant was held
upright using a clamp and support stand on a labora-
tory bench. An adsorbent trap consisting of a boro-
silicate glass tube (15 cm in length and 0.6 cm outside
diameter) containing Super Q (200 mg; Alltech As-
sociates Inc., DeerÞeld, IL; Zhang et al. 1994) was
connected to one side of the bag and the corner on the
opposite side of the bag was cut off to allow free
ventilation. Air was drawn through the bag and ad-
sorbent trap by vacuum (�1 liter/min) for 24 h at
room temperature and natural light conditions. Ad-
sorbent was eluted with dichloromethane (0.5 ml,
spectrometry grade,EMDChemicals Inc.,Gibbstown,
NJ) and the eluatewas concentrated to �200 �l under
a nitrogen stream and stored at �30�C until use.

Bioassays.Bioassayswere conductedusing clear, 50-
by 9-mm tight-lock petri dishes (Falcon 35Ð1006, Bec-
ton Dickinson and Co., Franklin Lakes, NJ). Dishes
were ventilated via a 12-mm-diameter hole drilled in
the center of each lid that was covered with No-
See-Um screen (BioQuip Products, Rancho Domin-
guez,CA).Eachdishwas divided into equal quadrants
by etching on the outer surface of the bottom with a
razor blade. The inner bottom surface of each was
uniformly roughened using sand paper (100 medium
aluminum oxide, No 5032; Ali Industries, Fairborn,
OH) to facilitate neonate movement. A 12-mm-diam-
eter hole drilled in the center of two opposing quad-
rants at the bottom of each dish was covered with a
piece of metal screen (1- by 1-mm mesh) glued to the

outer surface. A 12-mm-diameter hole was drilled in
the plastic cap of threaded glass vials (2 ml, 2.7 cm in
length and 12 mm in internal diameter; Fisher, Pitts-
burg, PA). The caps were glued over the screen cov-
ering each hole in the dish so that the holes in the dish
and caps were aligned. Screwing a glass vial into each
cap created two wells extending from the bottom of
each dish, in which single or paired treatments were
presented.

In bioassays using freshly collected roots, two root
pieces (2Ð3 cm in length and �1.5Ð3.0 mm in diame-
ter) fromoneplant sourcewerepresentedperwell. In
single stimulus experiments with roots, the second
well was empty while paired stimuli experiments used
root pieces from different plants in opposing wells. In
assays using root extracts, 1.5-cm-diameter Þlter paper
discs (Whatman No 1) were treated with 50 �l ali-
quots of root extract or ethanol and air-dried for 20
min in a fume hood before being placed in opposing
wells. Single stimulus experiments compared extract-
vs. solvent-treated discs in opposing wells while discs
treated with extracts from two different plant sources
were presented in opposing wells in paired stimuli
experiments. Single stimulus bioassays using head-
space volatiles from different plant sources used Þlter
paper discs thatwere treated eitherwith 10 �l aliquots
of volatiles in dichloromethane or dichloromethane
alone and air-dried for 10 min before being placed in
opposing wells.

Under paired dissecting microscopes and dim light,
a wet, Þne, natural hair brush was used to transfer
neonates from the dishes in which they had emerged
to the center of the bottom of each bioassay dish (i.e.,
intersection of the lines delineating quadrants), and
the lid was placed on each. In a test in which one larva
was transferred to each of 24 dishes containing pieces
of grape and apple root in opposing wells, all larvae
were subsequently recovered from the well with
grape root, suggesting that using multiple larvae per
dish should not inßuence the response of individuals.
Consequently, Þve neonates per dish were used in all
other bioassays. Because most larvae eclosed in the
morning, all bioassays were initiated before noon. The
dishes were placed in test tube racks (Nalge Nanc
International Corp., PenÞeld, NY) so that the bottom
was level and resting on the top of the rack and the
glass wells were suspended below. The racks were
placed in a clear covered plastic box (28 cm in length
by 16.5 cm in width by 10 cm in depth) with damp
paper towel lining the bottom, and the box was placed
in a dark drawer of a laboratory bench for 1 h. During
the bioassays, room lights were turned off and air
temperature was 24.8�C � 0.08 SE.

Between bioassays, the glass vials were washed in
hotwaterwithdetergent, rinsedwithcleanwater then
with 99.9% high performance liquid chromatography
grade acetone (Fisher, Pittsburgh, PA) and oven-
dried at 100�C for �1 h. Petri dishes and caps were
washed in hot water with detergent, rinsed in clean
water, and air-dried for 24 h.

Bioassays Without Plant Stimuli. Before evaluating
larval response to host plant stimuli, their response to
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other factors thatmighthave inßuencedoutcomeswas
examined. In the Þrst experiment, larvae were intro-
duced to dishes with two empty wells. In a second test
one well contained a 1.5-cm Þlter paper disc treated
with 0.5 ml of distilled water and the other contained
a dry disc. A third experiment involved one well with
a Þlter paper disc that had been treated with 50 �l of
ethanol and dried in a fume hood for 20 min while the
other well contained a dry untreated disc. Each treat-
ment was replicated 10 times per day on each of two
consecutive days.

Bioassays With Plant Stimuli. Single stimulus treat-
ments included; 1) extracts of 420-A and 3309 roots, 2)
fresh roots of 420-A, 3309, and apple, and 3) root
volatiles from 420-A, 3309, and apple. Paired stimuli
treatments included 1) 420-A or 3309 roots vs. apple
roots, 2) 420-A roots vs. 3309 roots, 3) 420-A root
extract vs. 3309 root extract, and 4) 420-A roots from
1-yr-old potted vines vs. apple roots from Þeld-grown
trees. All experiments except those using root volatiles
were replicated 10 times per day on each of two
consecutive days. Experiments using root volatiles
were replicated 10 times on the Þrst day and six to
seven times on the following day.

Bioassays With Buried Roots. Soil collected from a
Þeldadjacent to acommercial vineyard inVirginiawas
dried thoroughly in the sun, and then sifted using a #4
sieve (4.75 mm in diameter) and hand sorted to re-
move largeparticles, rocks, andotherdebris, including
plant material. For the bioassays, the soil was brought
to a moisture content of 20% (by weight; Strnad and
Bergman1987), usingdistilledwater. Two freshpieces
of 420-A roots were placed in one well, which was
Þlled to the top with soil. The other well was similarly
Þlled with soil, and the dish was Þlled to �2/3 of the
depth, forming a continuous soil layer from it into the
wells. Five larvaewere transferred to awetÞlter paper
disc (6 mm in diameter) that was placed on the soil
surface in the center of each dish. We assumed that
larval movement through soil may occur more slowly
than on the dish surface and therefore evaluated the
assays after 3 h. The soil in each well was poured into
separate petri dishes and inspected under a micro-
scope for larvae. If fewer than Þve larvae were recov-
ered from soil in the wells, the soil in each dish was
similarly inspected for larvae.

Statistical Analysis. Student t-tests (� � 0.05) using
SAS version 9.2 (PROC TTEST, SAS Institute Inc.
Cary, NC) were used to compare the mean number of
larvae recovered between the wells in each dish.

Results

Bioassays Without Plant Stimuli. Of the 300 larvae
used across all tests without plant stimuli, 87% entered
one of the wells during the 1-h experimental period.
The distribution of larvae between empty wells
(2.20�0.24SEvs. 2.15�0.22SE)wasnot signiÞcantly
different (t � 0.15; df � 38; P � 0.88). Larvae were
equally distributed between wells with wet (2.45 �
0.26SE)anddryÞlterpaper (2.05�0.19SE; t� �0.12;
df � 38; P � 0.24) and betweenwells with (1.95 � 0.29

SE) and without (2.25 � 0.24 SE) ethanol-treated
(and dried) discs (t � �0.79; df � 38; P � 0.43).

Bioassays With Plant Stimuli: Single Stimulus. Of
the 750 larvae used across all single stimulus experi-
ments, 95.6% entered one of the wells during the 1-h
experimental period. SigniÞcantly more larvae were
recovered from wells containing discs treated with
root extracts of 420-A (t � 6.56; df � 38; P � �0.0001)
or3309(t�7.04;df�38;P��0.0001) than fromwells
with ethanol-treated discs (Fig. 1A and B). SigniÞ-
cantlymore larvaewere found inwells containing root
pieces from 420-A (t � 8.54; df � 38; P � �0.0001),
3309 (t � 11.87; df � 38; P � �0.0001), or apple (t �
7.08; df � 38; P � �0.0001) than in empty wells (Fig.
2AÐC). SigniÞcantlymore larvaewere recovered from
wells containing a disc treated with headspace vola-
tiles from 420-A (t � 8.07; df � 30; P � �0.0001) or
3309 roots (t � 6.18; df � 32; P � �0.0001) than from
wells containing dichloromethane-treated discs (Fig.
3A and B). There was no signiÞcant difference be-
tween wells containing discs treated with apple root
volatiles or dichloromethane (t � �0.19; df � 32; P �
0.84; Fig. 3C).

BioassaysWithPlant Stimuli: PairedStimuli.Of the
500 larvae used across all paired stimuli experiments,
97.4% entered one of the wells during the 1-h exper-
imental period. SigniÞcantly more larvae were found
in wells containing pieces of 420-A (t � 9.73; df � 38;
P � �0.0001) or 3309 roots (t � 20.84; df � 38; P �
�0.0001) than in those with apple roots (Fig. 4A and
B). Paired stimuli comparisons between apple roots
and 420-A roots from1-yr-oldpotted vines showed the
same larval response (t � 17.44; df � 38; P � �0.0001)
aswas recordedwhenÞeld-collected420-Arootswere
used(Fig. 4C).TherewasnosigniÞcanteffectofgrape
rootstock on larval response from comparisons be-
tween420-Aand3309 roots (t� 0.13; df� 38;P� 0.89;
Fig. 5A), although signiÞcantly more larvae were
found in wells containing discs treated with 3309 than
420-A root extract (t � �3.47; df � 38; P � 0.0013; Fig.
5B).

Fig. 1. Mean (�SE) number of V. polistiformis larvae in
opposing bioassay wells containing dried Þlter paper discs
treated with ethanol or ethanol-based extracts from, (A)
420-A grape roots, or (B) 3309 grape roots in single stimulus
assays. Scale bars with the same letter are not signiÞcantly
different at the 5% level of signiÞcance (StudentÕs t-test).
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BioassaysWithBuriedRoots.Of the 300 larvae used
across all bioassays using buried roots, 86.3% entered
one of the wells during the 3-h experimental period.
When root pieces were buried in soil, signiÞcantly
more larvae were recovered from wells containing
420-A (t � 7.99; df � 38; P � �0.0001) or 3309 roots
(t � 6.41; df � 38; P � �0.0001) than from wells with
soil only, but this effect was not observed with buried
apple roots (t � 0.70; df � 38; P � 0.48; Fig. 6AÐC).

Discussion

By eliminating the potential effects of visual, tactile,
or contact chemoreception cues, modiÞcation of the
bioassay used by Bergh et al. (2011) enabled better
resolution of the behavioral response of recently
eclosed grape root neonates to host and nonhost plant
stimuli. Furthermore, ventilation of the assay dishes
mitigated any potential effects of olfactory stimulus
saturation within them. Importantly, unlike the assay
used previously, which enabled larvae to move freely
throughout the experiment, larvae that entered a well
in the modiÞed design were unable to leave. Conse-
quently, a response by each larva to any stimulus that
resulted in its entering a well was irreversible.

Preliminary experiments without plant cues re-
vealed that other physical or chemical factors did not
inßuence outcomes; larvae were equally distributed
between wells in assays with both wells empty and

between wells that presumably differed in humidity
level (i.e., with and without wet Þlter paper). Al-
though Bergh et al. (2011) reported a signiÞcant re-
sponse to Þlter paper discs that had been treated with
ethanol and dried, thiswas not detected in the present
studies. The high percentage of larvae recovered from
wells at the end of the test period in all sets of exper-
iments, including those without plant stimuli, was un-
doubtedly because of the positive geotropic behavior
exhibited by grape root borer neonates that must bur-
row downward through soil to Þnd food; that is, given
the opportunity, larvae entered wells that enabled
downward movement.

These experiments demonstrated clearly that larvae
responded to volatile compounds associated with
grape roots, independent of whether the cues were
from fresh root pieces, root extracts, or head-space
volatiles. Of interest, a signiÞcant response to apple
roots was also recorded in single stimulus assays, and
there are at least two possible explanations for this.
First, in the absence of other cues, larvae may have
responded to general root volatiles associatedwith the
presence of plant tissue (Metcalf and Metcalf 1992,
Bertin et al. 2003). Background odor can be used as a
“search trigger” by specialist herbivores searching for
food (Schröder and Hilker 2008) in advance of en-
countering speciÞc host cues, as was shown for the
clover root borer (Johnson et al. 2006, Reinecke et al.
2008). Leskey and Prokopy (2000) reported a similar
behavioral response by adult plum curculio, Conotra-
chelus nenuphar (Herbst), to nonhost fruit volatiles in
no-choice laboratory assays in which the outcomes
were because of an all-or-nothing response by indi-
viduals, like those reported here. Second, larvae may
have responded to the presence of CO2 presumably
released by actively respiring tissue from fresh apple
root pieces and used this as a nonspeciÞc plant ori-
entation cue (Johnson and Nielsen 2012). Perception
of general nonspeciÞc plant cues such as CO2 may
elicit a behavioral shift in subterranean herbivorous
larvae from random movement or immobility to a
biased random movement that may ultimately lead to
oriented movement on perception of host-speciÞc
cues (Johnson and Gregory 2006). Turlings et al.
(2012) showed that the entomopathogenic nematode,
Heterorhabditis megidis Poinar, Jackson & Klein, was
signiÞcantly more attracted to CO2 in combination
with the induced plant volatiles, (E)-�-caryophyllene
or dimethyl disulÞde, compared with either CO2 or
the volatiles alone. Evidence that oligophagous insect
herbivores are attracted to CO2 (Jones and Coaker
1979, Bernklau and Bjostad 1998, Johnson and Nielsen
2012) indicates that evaluation of the behavioral re-
sponse of grape root borer larvae to CO2 is warranted.

The host-speciÞc nature of volatile cues from grape
was apparent from paired stimuli assays comparing
grape roots or head-space volatiles with the corre-
sponding stimuli from apple roots; all such compari-
sons resulted in a signiÞcantly greater response to
grape than to apple stimuli. Johnson et al. (2004)
showed similar discrimination between host and non-
host roots by clover rootweevil in choice tests. Leskey

Fig. 2. Mean (�SE) number of V. polistiformis larvae in
opposing bioassay wells containing root pieces from, (A)
420-A, (B) 3309, or (C) apple in single stimulus assays. Scale
bars with the same letter are not signiÞcantly different at the
5% level of signiÞcance (StudentÕs t-test).
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and Prokopy (2000) reported a signiÞcantly stronger
response of adult plum curculio to host than nonhost
volatiles in choice test assays. The fact that 420-A roots
from potted and Þeld-grown vines elicited an essen-
tially equal response in pairwise comparisons with
apple roots was important, given that roots from pot-
ted vines were used for head-space volatile collections.
Different physiological, environmental, geographic, ge-
netic,andevolutionaryfactorscancontributesinglyor in
combination to variation in plant secondary metabolite
production (Figueiredo et al. 2008). Tapia et al. (2007)
reported that the response of clover root borer larvae to
cloverrootvolatilesdifferedaccordingtoplantage;adult
borers were attracted to volatiles from the roots of 1.5-
yr-old red clover plants, but not to those from 2.5-yr-old
plants. In our study, the response of grape root borer
neonates to roots from 1-yr-old potted vines or to those
from �6-yr-old Þeld-grown vines did not differ.

Our experiments showed no difference in larval
response between 3309 and 420-A roots in a pairwise
comparison, although the same comparison using root
extracts resulted in a small but signiÞcantly higher
response to 3309. These results differed from those of
Berghet al. (2011),who found that larval responsewas
signiÞcantly greater to 420-A than to 3309 extracts in
paired stimuli assays, raising the question of differ-
ences in the composition of root extracts from differ-

ent sources. Bergh et al. (2011) also showed a signif-
icantly greater response to root extracts from V.
riparia ÔGloireÕ than to 3309 in pairwise comparisons.
In that study, larvae contacting each extract-treated
disc within an assay would have been exposed to a
suiteof compounds that likelydifferedwidely invapor
pressure. Differences in response may have been be-
cause of different compounds or different concentra-
tions of arresting or phagostimulatory compounds in
420-A and V. riparia Gloire than in 3309. Results from
our comparison of 420-A and 3309 root pieces may
indicate similar volatiles associated with each, al-
though this awaits conÞrmation. Although not in-
cluded in the studies reported here, evaluation of
larval response to roots and root extract from a single
rootstock in paired stimuli assays may yield additional
and valuable insights.

The response of larvae in assays using root pieces
buried in soil further enhanced the ecological rele-
vance of these experiments (Eigenbrode and Espelie
1995). The signiÞcant response to grape roots indi-
cated that the volatile cues from grape roots moved
within the soil medium and were perceived by larvae.
Interestingly, the signiÞcant larval response to apple
roots in single stimulus assays without soil was not
detected in assayswithburied apple roots, conforming

Fig. 3. Mean(�SE)numberofV.polistiformis larvae inopposingbioassaywells containingdriedÞlterpaperdiscs treated
with dichloromethane or root headspace volatiles in dichloromethane collected from roots of, (A) 420-A, (B) 3309, or (C)
apple in single stimulus assays. Scale bars with the same letter are not signiÞcantly different at the 5% level of signiÞcance
(StudentÕs t-test).
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to the results from tests using apple root head-space
volatiles.

Other mono-and oligophagous insect species with
root feeding stages have demonstrated behavioral re-
sponses to volatiles from host roots. Methyl eugenol

and sulfur compounds were attractive to carrot ßy
(Jones and Coaker 1977, 1979) and onion ßy larvae
(Matsumoto and Thorsteinson 1968, Soni and Finch
1979), respectively, andvolatiles fromroothead-space
and root extracts were attractive to clover root borer
larvae (Kamm and Buttery 1984, Quiroz et al. 2005).
Western corn rootworm larvae responded to CO2

(Strnad et al. 1986, Hibbard and Bjostad 1988,
Bernklau and Bjostad 1998) and also to the herbivore-
induced volatiles, (E)-�-caryophyllene and ethylene
(Robert et al. 2012b).Apolyphagouswhite grub,Cost-
elytra zealandica (White), used olfactory stimuli de-
rived from rye grass roots for oriented movement
toward its food (Sutherland 1972). IdentiÞcation of
the volatile compound(s) from grape roots that
evoked the behavioral response recorded in the cur-
rent study will be a critical next step toward under-
standing their role in the ecological relationships be-
tween grape root borer larvae and their many
potential Vitaceae hosts. A preliminary comparison of
the head-space volatiles from grape and apple roots
(A.Z., unpublished data) has revealed grape-speciÞc
compounds that are candidates for further study.

IdentiÞcation of the behaviorally active grape root
volatileswill spur researchondifferences among com-
mercially important rootstocks and wild Vitis species
in the composition of root volatiles, the concentration
of behaviorally active compounds, and their potential
effects on host suitability to, and preference by, grape

Fig. 4. Mean (�SE) number of V. polistiformis larvae in
opposing bioassay wells containing root pieces from, (A)
420-A (Þeld collected) vs. apple, (B) 3309 vs. apple, or (C)
420-A (potted vines) vs. apple in paired stimuli assays. Scale
bars with the same letter are not signiÞcantly different at the
5% level of signiÞcance (StudentÕs t-test).

Fig. 5. Mean (�SE) number of V. polistiformis larvae in
opposing bioassay wells containing, (A) root pieces from
420-A vs. 3309, or (B) dried Þlter paper discs treated with
ethanol-based root extracts from 420-A vs. 3309 in paired
stimuli assays. Scale bars with the same letter are not signif-
icantly different at the 5% level of signiÞcance (StudentÕs
t-test).

Fig. 6. Mean (�SE) number of V. polistiformis larvae in
opposing bioassay wells containing root pieces from, (A)
420-A, (B) 3309, or (C) apple that were buried in soil. Scale
bars with the same letter are not signiÞcantly different at the
5% level of signiÞcance (StudentÕs t-test).
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root borer. Differences in the composition of volatiles
produced by below-ground plant parts among culti-
vars (Guerin and Ryan 1984, Nottingham et al. 1989)
have likely contributed to plant resistance to her-
bivory in some systems (Wang and Kays 2002). In a
similar system to that reported here, two grape root-
stocks, Ô5BBÕ and ÔKyohoÕ that differed in susceptibility
to grape phylloxera, Daktulosphaira vitifoliae (Fitch),
showeddifferent root volatile proÞles (Duet al. 2009),
although the compounds were not characterized. Al-
though most studies over the last century have not
indicated differences among Vitis species or root-
stocks in their susceptibility to attack by grape root
borer larvae (Brooks 1907, Massey 1945, Engelhardt
1946,Wylie 1972,Wylie and Johnson1978),Webband
Mortensen (1990) reported that the native leatherleaf
grape, Vitis shuttleworthii House, showed signiÞcantly
less borer damage than other rootstocks without V.
shuttleworthii in their parentage. An extensive and
intensive survey by Rijal (J.P.R., unpublished data)
has revealed that commercial vineyards in Virginia
varied widely in the severity of infestation by grape
root borer, leading to questions about the factors un-
derlying this variation, including differences in sus-
ceptibility or suitability among rootstocks.

The response of grape root borer larvae to host-
speciÞc volatile compounds from grape roots leads to
the question of whether this can be exploited in a
management approach involving behavioral manipu-
lation, as has been investigated in at least two other
systems. In Þeld and semiÞeld experiments, food-Þnd-
ingbywestern corn rootworm larvaewas disruptedby
incorporating a source of CO2 (Bernklau et al. 2004)
or attractants from corn roots combined with insec-
ticides (Hibbard et al. 1995, Bernklau and Bjostad
2005) into soil. Larval and adult cabbage root ßy,Delia
radicum L., respond to sulfur-based volatiles from
brassica crops (Koštál 1992, Ross and Anderson 1992).
Different sulfur application rates and formulations
(granules, powder, prills, and sprays) signiÞcantly re-
duced the degree of root damage by larvae and egg
deposition by adult cabbage and turnip root ßies in
canola, although results varied among sites and years
(Dosdall et al. 2002). Planned studies using soil col-
umns will investigate the effects of soil-incorporated
stimuli from grape roots on the rate and success of
larval grape root borer food-Þnding and the distance
over which they perceive these stimuli.
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