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Abstract--Corn seedling volatiles collected cryogenically are highly attrac- 
tive to western corn rootworm larvae, Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae), in a laboratory bioassay. Carbon dioxide is 
known as an attractant for western corn rootworm larvae, and the amount of 
carbon dioxide in the cryogenic collections was measured with an infrared 
gas analyzer. In a choice test between a source containing carbon dioxide 
alone and a source containing corn seedling volatiles with an equal amount 
of carbon dioxide (verified by infrared gas analysis), western corn rootworm 
larvae chose the corn volatile source significantly more often than the side 
with carbon dioxide alone. This indicates that carbon dioxide is only one of 
the volatiles from corn seedlings that is behaviorally important and that other 
compounds of behavioral importance are present as well. 

Key Words--Diabrotica virgifera virgifera, Coleoptera, Chrysometidae, 
western corn rootworm, rootworm, corn, Zea mays, kairomone, volatile sub- 
stances, attractants, carbon dioxide, semiochemical. 

INTRODUCTION 

Diabrotica virgifera virgifera L e C o n t e ,  the  w es t e r n  co rn  r o o t w o r m ,  is an  annua l  

t h rea t  to co rn  t h r o u g h o u t  m u c h  o f  the  M i d w e s t .  L a r v a l  d a m a g e  to co rn  roots  

resul t s  in r e d u c e d  p lan t  he igh t ,  r e d u c e d  y ie ld ,  and  l o d g i n g  o f  corn ,  w h i c h  inter-  

fe res  w i th  h a r v e s t i n g  ( B r a n s o n  et a l . ,  1980) .  M e m b e r s  o f  the  g e n u s  Diabrot ica 

h a v e  b e e n  e s t i m a t e d  to cause  m o r e  t han  $1 b i l l i on  in d a m a g e  pe r  y e a r  in  the  

U n i t e d  Sta tes ,  m o s t l y  to co rn  (Metca l f ,  1986) .  

L a r v a e  e m e r g e  f r o m  o v e r w i n t e r i n g  eggs  in the  spr ing  and  can  feed  on ly  
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on certain species of Gramineae (Branson and Ortman, 1967, 1970). Because 
the eggs are laid in soil the previous year, the burden of host plant location lies 
entirely with the newly hatched larvae. The larvae have been reported to crawl 
through as much as a meter through the soil to find the roots of a suitable host 
(Short and Luedtke, 1970), although estimates to date have been complicated 
by a number of experimental difficulties (Branson, 1986). In surface olfactom- 
eter choice tests between cut roots of corn and broad-leaved plants, Branson 
(1982) found that significantly more western corn rootworm larvae were attracted 
to the roots of corn than to the roots of soybean, squash, or sunflower (no 
difference was observed between roots of corn and tomato). Behavioral bioas- 
says in a soil olfactometer did not reveal differences in attraction, perhaps due 
to the difficulty of establishing equal amounts of root tissue for the choice test 
(Branson, 1982). Roots of a number of grass species were as attractive as corn 
roots or more so to western corn rootworm larvae in surface olfactometer choice 
tests, including several grass species that were nonhosts (Branson, 1982). 

The only chemical cue known to be involved in the orientation of western 
corn rootworm larvae to corn roots is carbon dioxide (Strnad et al., 1986, Strnad 
and Bergman, 1987), which is known to attract a number of other soil insects 
(Jones and Coaker, 1977; Doane et al., 1975; Pline and Dusenbery, 1987; and 
references therein). Carbon dioxide is produced by the roots of most plant spe- 
cies, and it does not appear to provide a basis for the ability of the larvae to 
distinguish the roots of host plants from those of many other plant species. We 
wished to determine if carbon dioxide was the only attractive compound pro- 
duced by corn root tissue, or if other semiochemicals may be involved in host 
selection by western corn rootworm larvae as well. Compounds that affect larval 
behavior might be expected to include two principal categories: compounds that 
are volatile and disperse mainly by diffusion in the soil atmosphere, and those 
that are water-soluble and disperse mainly by diffusion in aqueous solution. Our 
initial studies have focused on the possible contribution of volatile constituents 
of corn plants. 

Cryogenic collection was used to recover volatile compounds from corn 
seedlings in the present study. This technique has been used successfully for 
the recovery of other semiochemicals, such as insect pheromones (Browne et 
al., 1974; Golub and Weatherston, 1984). Unlike conventional cold trapping, 
cryogenic collection involves condensing the air itself, along with any volatile 
organic compounds that the air might contain. Low-temperature distillation 
allows nitrogen (bp -196~  and oxygen (bp -183~  to be removed after 
the collection is complete, while volatiles with boiling points higher than 
- 1 8 3 ~  are retained. The principal advantage of cryogenic collection is that 
compounds with a wide range of volatilities can be recovered. This is important 
in the present study because the very volatile carbon dioxide is already known 
as a semiochemical important in host location by western corn rootworm larvae 
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(Strnad et al., 1986; Strnad and Bergman, 1987), and we wished to evaluate 
the possible behavioral importance of additional compounds that may have an 
array of large and small molecular weights. In many other studies of volatile 
semiochemicals, compounds have been extracted with solid adsorbants such as 
Tenax or Porapak Q, but these techniques fail to recover compounds with very 
small molecular weights, such as carbon dioxide (Byrne et al., 1975). 

Two behavioral bioassays were developed to determine the role of volatile 
semiochemicals from corn seedlings in host location by western corn rootworm 
larvae. A single-choice bioassay was developed to determine if the full com- 
plement of corn volatiles collected cryogenically was attractive to the larvae 
and to verify the conclusion of Strnad et al. (1986) that carbon dioxide alone is 
attractive to western corn rootworm larvae. A choice test bioassay was also 
developed, to allow behavioral comparison of carbon dioxide alone with a cry- 
ogenic collection of corn volatiles that contained an equal amount of carbon 
dioxide. Instead of using a choice test bioassay with carbon dioxide levels equal 
on both sides, the behavioral role of carbon dioxide can alternatively be eval- 
uated by using KOH to remove carbon dioxide from a volatile blend, and using 
single-choice bioassays to compare the attractiveness of KOH-treated host plant 
volatiles with untreated host plant volatiles (Doane et al., 1975; Jones and 
Coaker, 1979). However, there are two problems with this approach: First, 
semiochemicals that are behaviorally relevant only in the presence of carbon 
dioxide would be detected in a choice test, but would not be detected in single- 
choice bioassays of a KOH-treated volatile blend. Second, KOH reacts with 
many compounds other than carbon dioxide and may remove or chemically alter 
other semiochemicals in addition to carbon dioxide. A choice test bioassay was 
adopted in the present study to obviate both these possible problems. 

M E T H O D S  A N D  M A T E R I A L S  

Insect Colony. Eggs of a nondiapausing strain of Diabrotica virgifera vir- 
gifera were obtained in June and July of 1986 from Dr. Jan Jackson at the 
Northern Grain Insects Research Laboratory. The colony was maintained 
according to methods described by Jackson (1986), with some modifications. 
Modifications (Jackson, personal communication) included the use of soil in 
covered, small plastic containers (17 cm diam. x 10 cm high) in which 75 
larvae were reared on corn seedlings for their first six days of growth. Two of 
these smaller containers (along with the larvae) were then transferred into a 
larger covered plastic container (18 x 32 x 8 cm), which contained sufficient 
seedling corn in soil for completion of larval development and pupation. 

Corn Seedlings. Dried whole kernels of field corn, not treated with insec- 
ticide or fungicide, were purchased from a local supplier (variety unspecified). 
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Dried kernels were washed with detergent solution (Ivory liquid) for 5 min to 
inhibit fungal contamination, rinsed thoroughly, and soaked in water for 24 hr. 
Soaked seeds were washed again with detergent solution, rinsed thoroughly, 
placed on moist germination paper (Anchor Paper Co., St. Paul, Minnesota), 
covered with moist paper towels, and kept in a closed plastic container. Corn 
seedlings were removed three to four days later for bioassays. 

Cryogenic Volatile Collection. A cryogenic collection technique similar to 
that described by Browne et al. (1974) was used, based on a simple pump in 
which a glass sample tube closed at one end (12 mm x 35 cm) was immersed 
in a liquid nitrogen bath. A boiling chip was placed in a clean sample tube, and 
a glass seed-holding tube (30 cm • 30 mm, tapering to 12 mm) containing 70 
g of 3- to 4-day-old corn seedlings (seeds not treated with insecticide or fun- 
gicide) was connected to the sample tube with Teflon tubing. The sample tube 
was then immersed 20 cm into the liquid nitrogen bath. As air condensed in the 
sample robe, a vacuum was created that pulled air through the corn seedlings 
at 300 ml/min (measured with a bubble flowmeter). After 10 min, the sample 
tube was removed from the liquid nitrogen bath and disconnected from the seed- 
holding tube, The sample tube was immediately placed into a snugly fitting 
Styrofoam sheath that had been precooled in liquid nitrogen. The condensed air 
boiled away within 10 rain, allowing liquid nitrogen (bp -196~ and liquid 
oxygen (bp -183~ to escape slowly and leaving compounds that were tested 
in behavioral bioassays for their importance in western com rootworm larval 
orientation. 

Single-Tube Bioassay. Plastic Petfi dishes (10 cm diam.) were used as 
arenas for the bioassay. The top of the sample tube was connected with Teflon 
tubing to a 12-ram hole cut in the bottom of the Petri dish (see Figure 1). Ten 
larvae (5-6 days old and 4-6 mm long) were placed equidistant in a ring near 
the wall of the Petfi dish, and the cover was replaced. We chose to use second- 
instar larvae (5-6 days old and 4-6 mm long) for our bioassays because initial 
bioassays indicated that they behaved similarly to first-instar larvae (the instar 
that must locate a host), and second-instar larvae were easier to handle for the 
large numbers of bioassays required. All bioassays were performed in dim light. 
The number of larvae that entered the tube was recorded at 5-min intervals for 
30 min. To prevent possible effects from previous testing, larvae were not reused 
in the bioassays. 

Two treatments were tested in larval behavioral bioassays as controls. Clean 
sample tubes were tested to verify that the sample tubes themselves were not 
inherently attractive. Sample tubes containing cryogenic collections of ambient 
air were tested to determine if the circumstances of the cryogenic collection 
procedure might influence the bioassay results. 

Water was observed to condense in the sample tubes in cryogenic collec- 



ROOTWORM A T T R A C T I O N  TO CORN VOLATILES 1527 

tions from corn seedlings. Measurement of the weight change in the sample 
tube before and after the cryogenic collection indicated that 75 _+ 5 (SE) mg of 
water collected in a sample tube during the 10-min collection interval. Sample 
tubes containing the same amount of water were tested to determine if water 
alone was attractive to western corn rootworm larvae. 

Because carbon dioxide has been reported as an attractant for western corn 
rootworm larvae (Stmad et al., 1986, Stmad and Bergman, 1987), we wished 
to verify that carbon dioxide was attractive in our bioassay as well. Carbon 
dioxide from a gas cylinder was introduced into clean sample tubes for 15 sec, 
and the tubes were inverted for 30 sec to reduce the concentration of carbon 
dioxide and disperse it evenly in the tube. An infrared gas analyzer interfaced 
with a Porapak N gas chromatograph column (GC-IRGA, details below) was 
used to determine the carbon dioxide concentration in the tubes. The number 
of larvae attracted into the sample tubes was counted every 5 min for 30 min. 

Double-Tube Bioassay. Because carbon dioxide was highly attractive in 
our single-tube bioassays, the additional influence of other behaviorally impor- 
tant corn volatiles would have been difficult to detect using the single-tube 
bioassay. In order to test if compounds other than carbon dioxide were involved, 
a choice test bioassay was designed to give larvae a choice between a sample 
tube containing carbon dioxide alone and a sample tube containing an equal 
amount of carbon dioxide in association with other corn volatiles. A bioassay 
apparatus similar to that described by Branson (1982) was designed, consisting 
of three plastic Petri dishes (5 cm diam.) connected in series by Teflon tubing 
(10 mm diam.). Holes (12 mm) were cut into the end dishes to allow connection 
of sample tubes (see Figure 3). One choice was a sample tube containing 4 
mmol /mo l  of carbon dioxide at bioassay initiation (see Figure 3). The sample 
tube was prepared by flushing with carbon dioxide from a gas cylinder and 
inverting it for 30 sec to reduce the concentration of carbon dioxide and disperse 
it evenly in the tube. The carbon dioxide concentration was verified with the 
GC-IRGA (details below). For the other choice, a sample tube containing a 
cryogenic collection of com seedling volatiles was prepared, the liquid nitrogen 
and liquid oxygen were removed by low-temperature distillation, the sample 
tube was raised to room temperature, and the carbon dioxide concentration 
therein was adjusted to 4 mmol/mol at bioassay initiation (see Figure 3) (by 
flushing the sample tube with carbon dioxide, inverting it, and verifying the 
final carbon dioxide concentration with the GC-IRGA). Each sample tube was 
connected to one of the end dishes of the bioassay apparatus, and a 5-min delay 
was allowed for volatiles to begin diffusing before larvae were added. Ten lar- 
vae were placed in the center of a small Petri dish lid (40 mm diam. with a lip 
5 mm high); this was placed in the center chamber of the bioassay apparatus, 
and the cover to the chamber was replaced. The number of larvae in each of 
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the three Petri dishes was recorded every 5 min for 30 min. Bioassays were 
performed in dim light. To prevent possible effects from previous testing, larvae 
were not reused in the bioassays. 

Carbon Dioxide Levels in Bioassays. An infrared gas analyzer (IRGA, 
Beckman model 865) was used to measure carbon dioxide concentrations. An 
interface of  our own design was constructed to allow the IRGA to be used as 
the detector for a Porapak N gas chromatograph column (3 mm x 2 m) operated 
isothermally at 25~ and the output from the GC-IRGA was analyzed with a 
HP 3390A integrator-recorder. Gas samples (1 ml) were injected with a Pres- 
sure-Lok gas sampling syringe (Precision Sampling Co.) for analysis. A mix- 
ture of carbon dioxide in nitrogen equal to the atmospheric concentration was 
purchased (340 ppm, Union Carbide Corp., Linde Division) and used as a stan- 
dard for quantitation of carbon dioxide by GC-IRGA analysis. In addition, a 
99.9% carbon dioxide source (local welding supplier) was used to make dilu- 
tions to generate a calibration curve of GC-IRGA response with respect to car- 
bon dioxide concentration. For the single-tube bioassays, gas samples were 
taken from the mouth of the sample tube (see Figure 1). For the double-tube 
bioassays, gas samples were taken from the edges of the middle dish (see Figure 
3), because this is the location at which larvae must make a choice to leave the 
dish. Samples were taken every 5 min for 30 min for analysis with the GC- 
IRGA. 

Statistical Analysis. The statistical package BMDP (BMDP Program 
Librarian, Department of Biomathematics, University of Califomia, Los Ange- 
les, California 90024) was used for data analysis. Behavioral bioassay data for 
30 rain were analyzed with one-way analysis of variance for larval attraction in 
the single-tube and double-tube bioassays, because larvae that entered the sam- 
ple tubes were usually unable to come back out of the tubes and the bioassay 
data were therefore essentially cumulative with time. Duncan's multiple-range 
test (Duncan, 1955) was used to discem differences among treatment means. 
Data for carbon dioxide levels at all times sampled were compared in a repeated 
measures design (Anonymous, 1981), because sequential samples for GC-IRGA 
analysis were taken from each sample tube. 

RESULTS 

Significantly more (P _ 0.01) western corn rootworm larvae were attracted 
to sample tubes containing cryogenically collected corn volatiles than to control 
treatments, which included sample tubes containing ambient air, cryogenic col- 
lections of ambient air, or water (Figure 1A). Samples tubes containing cry- 
ogenic collectiOns of ambient air attracted more larvae (P _ 0.05) than tubes 
with ambient air not cryogenically collected. 
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Fro. 1. (A) Single-tube bioassay to evaluate behavioral responses of western corn root- 
worm larvae to cryogenic collections of corn seedling volatiles and to control treatments. 
Treatment means at time 30 min were significantly different (P _< 0.01) for curves 
followed by different letters according to Duncan's NMRT. Error bars represent 95 % 
confidence intervals. (B) Carbon dioxide concentrations at the orifices of the sample 
tubes. Treatment means of overall carbon dioxide levels were significantly different (P 
< 0.05) for curves followed by different letters in a repeated measures analysis of all 
times according to Duncan's NMRT. Error bars represent 95% confidence intervals. 

When a Petri dish with 10 larvae was added to sample tubes containing 
cryogenic collections of  corn seedling volatiles, the first observable larval 
response~ were head-waving, also observed by Strnad et al. (1986), and align- 
ment of  their body axes toward the center of  the dish. Larvae crawled rapidly 
and more or less directly toward the source of  corn volatiles, similar to the path 
that larvae took to carbon dioxide in Stmad et al. (1986). This behavioral 
sequence rarely occurred in response to control treatments (ambient air treat- 
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ment or water treatment). Larvae that lowered their heads into the sample tube 
usually crawled in and did not crawl back out. 

The cryogenic apparatus for volatile collection provided an efficient vac- 
uum. Air flow past the corn seedlings remained essentially constant throughout 
the 10-min collection period as indicated by measurement of the volume of 
liquid air that accumulated in the sample tube (0.35 _+ 0.02 SE ml/min) and by 
measurement with a bubble flowmeter (300 ml/min). Collection rates remained 
relatively constant for collection periods as long as 30 min. Behavioral bioassay 
results indicated that it was effective in collecting compounds of interest to 
larvae, and after distillation of liquid oxygen and nitrogen, the odor of corn was 
apparent to the human nose as well. 

Analysis of carbon dioxide standards with the GC-IRGA indicated a reten- 
tion time for carbon dioxide of 1.8 min. No other peaks were observed in GC- 
IRGA analyses of air, cryogenic collections of air, or cryogenic collections of 
corn seedling volatiles. Calibration with known carbon dioxide concentrations 
showed the GC-IRGA to be linear in response (r 2 = 0.995) for the range of 
carbon dioxide found in the bioassays (0.34-30 mmol/mol). The use of the 
IRGA and GC in combination provided a sensitive, semiselective means of 
detecting carbon dioxide in conjunction with a characteristic retention time for 
this compound, allowing rigorous determination of carbon dioxide in the vol- 
atile samples even at low concentrations. The carbon dioxide concentration in 
ambient air was easily measurable (0.34 mmol/mol is atmospheric concentra- 
tion). 

The carbon dioxide concentration (Figure 1B) was significantly higher in 
sample tubes containing cryogenically collected corn seedling volatiles than in 
sample tubes containing cryogenically collected ambient air or sample tubes 
containing ambient air without cryogenic collection (P _< 0.01). The concen- 
tration of carbon dioxide in sample tubes containing cryogenically collected 
ambient air (Figure 1B) was slightly higher than that found in ambient air (but 
significant, P <__ 0.01). The cryogenic collection evidently concentrated carbon 
dioxide from the surrounding air, and the greater carbon dioxide concentration 
may account for the significantly greater attraction of larvae to sample tubes 
containing cryogenically collected ambient air than to the sample tubes con- 
taining air alone. 

Single-tube bioassays with carbon dioxide (Figure 2A) showed that this 
compound is highly attractive to western corn rootworm larvae (P _ 0.01). 
The source of carbon dioxide in this experiment was a sample tube from which 
carbon dioxide emerged by diffusion. The dynamics of carbon dioxide release 
by the sample tube were determined by analysis with GC-IRGA (Figure 2B). 
For sample tubes prepared by filling them with carbon dioxide from a gas cyl- 
inder and inverting them for 30 sec to adjust the concentration to a low level, 
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F~6.2. (A) Single-tube bioassay to evaluate responses of western corn rootworm larvae 
to carbon dioxide and to ambient air. Treatment means at time 30 min were significantly 
different (P < 0.01) for curves followed by different letters according to Duncan's 
NMRT. Error bars represent 95 % confidence intervals. (B) Carbon dioxide concentra- 
tions at the orifices of the sample tubes. Treatment means of overall carbon dioxide 
levels were significantly different (P ___ 0.01) for curves followed by different letters in 
a repeated measures analysis of all times according to Duncan's NMRT. Error bars 
represent 95 % confidence intervals. 

the average concentration of  carbon dioxide at the orifice of  the sample tube 
was initially 18 4- 8 (SE) m m o l / m o l  and dropped to a third this value as the 
gas diffused from the sample tube during the 30 min bioassay (Figure 2B). This 
source of  carbon dioxide was highly attractive to the larvae, in that 82 % of  the 
larvae tested entered the sample tube, and more than half of  these entered the 
sample tube within the first 5 rain of  the bioassay (Figure 2A).  



!532  HIBBARD AND BJOSTAD 

In a choice test between a sample tube containing carbon dioxide (4 mmol/ 
tool at bioassay initiation; Figure 3B) in association with cryogenically col- 
lected corn seedling volatiles and a sample tube containing an equal amount of 

carbon dioxide alone (4 mmol/mol at bioassay initiation; Figure 3B), signifi- 
cantly more (P _ 0.01) westem com rootworm larvae chose the sample tube 
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FIG. 3. (A) Double-tube bioassay to evaluate choice of western corn rootworm larvae 
between a sample tube containing carbon dioxide alone and a sample tube containing an 
equal concentration of carbon dioxide in conjunction with cryogenically collected corn 
seedling volatiles. Treatment means at time 30 min were significantly different (P _< 
0.01) for curves followed by different letters according to Duncan's NMRT. Error bars 
represent 95 % confidence intervals. (B) Carbon dioxide concentrations at the orifices of 
the sample tubes. Treatment means of overall carbon dioxide levels were significantly 
different (P < 0.05) for curves followed by different letters in a repeated measures 
analysis of all times according to Duncan's NMRT. Error bars represent 95 % confidence 
intervals. 
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with corn seedling volatiles (Figure 3A). It was essential that carbon dioxide 
concentrations be the same in both sample tubes, and GC-IRGA analysis veri- 
fied that identical concentrations were effectively established by filling both 
types of sample tubes with carbon dioxide from a gas cylinder and inverting 
them for 30 sec (Figure 3B). The concentrations of carbon dioxide in each 
sample tube declined during the bioassay period as carbon dioxide diffused from 
the tubes, and the time course of carbon dioxide release from the two types of 
sample tubes was the same throughout the bioassay period (Figure 3B). The 
strong preference of the larvae for the sample tube containing corn seedling 
volatiles indicates that carbon dioxide is only one of the corn seedling volatiles 
attractive to western corn rootworm larvae and that other behaviorally important 
compounds are also produced by corn seedlings. 

D I S C U S S I O N  

A central interest in studies in chemical ecology is to establish the com- 
plement of chemical compounds involved in a given ecological interaction and 
to determine how those compounds direct its course. We have shown that vol- 
atiles can be cryogenically collected from corn seedlings and that the isolated 
volatiles are attractive to western corn rootworm larvae. The only compound 
that has been implicated in host plant interactions with Diabrotica larvae is 
carbon dioxide (Strnad et al., 1986, Strnad and Bergman, 1987), a primary 
metabolite that is released by the roots of corn plants (Harris and van Bavel, 
1957; Massimino et al., 1980). We found by GC-IRGA analysis that carbon 
dioxide is one of the compounds present in cryogenically collected corn seed- 
ling volatiles and verified that this compound was strongly attractive to larvae 
in our single-tube bioassay. The strong attraction of larvae to carbon dioxide in 
the single-tube bioassay (Figure 2A) would have made it difficult to determine 
any additional influence of other semiochemicals produced by corn seedlings. 
To make this distinction, we developed a choice test bioassay in which equal 
concentrations of carbon dioxide were present on both sides, and we found that 
the side containing corn root volatiles attracted significantly more western corn 
rootworm larvae. This indicates that a blend of volatile compounds from corn 
seedlings is involved in attraction of western corn rootworrn larvae and that 
carbon dioxide is not the only compound in corn root volatiles of behavioral 
importance of Diabrotica virgifera virgifera larvae. Volatile secondary plant 
compounds have been shown to be important in location of host root systems 
by other species of insects that live in the soil but have not yet been implicated 
in host location by Diabrotica larvae (Jones and Coaker, 1978; Hsiao, 1985). 

A number of volatiles from corn roots have been identified but have not 
been tested behaviorally with western corn rootworm larvae. Buttery and Ling 
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(1985) used the solid adsorbant Tenax to collect volatiles from the roots of 
young (60 cm high) and mature corn plants (2 m high). The principal volatiles 
recovered were sesquiterpene hydrocarbons that included beta-caryophyllene, 
logifolene, bazzanene (tentative), cyclosativene, alpha-ylangene, and a major 
hydrocarbon that was not identified. Volatile secondary compounds have also 
been identified from corn leaves (Buttery and Ling, 1984), buds (Thompson et 
al., 1974), silks (Flath et al., 1978; Cantelo and Jacobson, 1979), tassels (But- 
tery et al., 1980), and from husks and kernels (Buttery et al., 1978). 

A review of the literature on volatile semiochemicals for soil insects indi- 
cates that two groups of compounds with very disparate vapor pressures have 
been considered. One group comprises gases such as carbon dioxide, nitrogen, 
oxygen, methane, and ethylene (see Jones and Coaker, 1977; Doane et al., 
1975, and references therein). Carbon dioxide alone is attractive to a number 
of soil invertebrates, including insect larvae (Klingler, 1957, 1958, 1965, 1966; 
Doane et al., 1975; Stfidler, 1971, 1972; Palm and Beckel, 1963a, b; Meeking 
et al., 1974; Jones and Coaker, 1977), insect adults (Paim and Beckle, 1963a, 
b), mites (Moursi, 1962, 1970), chilopods (Moursi, 1970), nematodes (Pline 
and Dusenbery, 1987; Prot, 1980; Johnson and Viglierchio, 1961; Klingler, 
1961, 1963, 1965), and bacteria (Scher et al., 1985). The other group of volatile 
semiochemicals for soil invertebrates comprises secondary compounds with 
considerably lower vapor pressures that can easily be collected by tissue extrac- 
tion, steam distillation, or air extraction with solid adsorbants (Jones and 
Coaker, 1978; Hsiao, 1985). 

Volatile secondary compounds important in underground attraction of lar- 
vae have been chemically identified for several insect species (all of them Dip- 
tera), including the carrot rust fly, Psila rosae (F)., the onion maggot, Delia 
antiqua (Meigen), the tumip maggot, Delia floralis (Fallen), and the related 
species Delia brassicae (Wiedemann). For the carrot rust fly Psila rosae, an 
insect that has a high degree of host specificity for certain species of Umbelli- 
ferae, carbon dioxide is one of several attractants that have been found for 
underground larvae (Jones and Coaker, 1977, 1979). Of 45 volatile secondary 
compounds that have been identified from fresh carrot root, five have been found 
to be most attractive to carrot rust fly larvae: bornyl acetate, 2,4-dimethyl sty- 
rene, alpha-ionone, beta-ionone, and biphenyl (Ryan and Guerin, 1982, Guerin 
and Ryan, 1984). Underground larvae of the onion maggot Delia antiqua are 
able to orient to onion volatiles (although host selection is primarily made by 
the ovipositing females). The larvae showed strong attraction to 27 synthetic 
sulfides, disulfides, and mercaptans in a laboratory bioassay (Matsumoto and 
Thorsteinson, 1968; Matsumoto, 1970, Soni and Finch, 1979), although only 
some of these compounds are known to be released from onions (Carson and 
Wong, 1961. Rotting onions are more attractive to larvae (and to ovipositing 
females) than are fresh onions, and it has been established that this is due to 
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the activity of Klebsiella bacteria, although it is not yet clear which volatiles of 
Klebsiella-infestated onions are responsible for the enhanced attraction (Ike- 
shoji et al., 1980, 1982, Yamada et al., 1981). Underground larvae of some 
Delia species feed only on certain species of Cruciferae. Larvae of the turnip 
maggot Delia floralis (Rygg and Somme, 1972) are attracted to allyl isothio- 
cyanate, a characteristic volatile of many Cruciferae. A source of mustard oil 
glucosides is attractive (perhaps because of volatile degradation products) to the 
related species Delia brassicae (Finch and Skinner, 1974). 

Volatiles have been shown to play a role in host location by underground 
larvae of several other insect species, but the compounds involved have not yet 
been chemically characterized. The false wireworm Eleodes suturalis (Say) was 
attracted to volatiles in an airstream passed over germinating wheat (Calkins et 
al., 1967). Sutherland (1972) found that subterranean larvae of the scarab beetle 
Costelytra zealandica (White) were attracted to fresh perennial ryegrass root in 
a laboratory bioassay. Neonate larvae of the clover root curculio Sitona hispi- 
dulus (F.) are attracted to roots of alfalfa Medicago sativa L. and red clover 
Trifolium pratense L. and are attracted in particular to Rhizobium nodules on 
the root systems (Wolfson, 1987). 

Adults of some insect species have also been shown to orient underground 
to volatile secondary plant compounds, either for feeding or for oviposition. 
Underground adults of the scolytid Hylastinus obscurus Marsham, the clover 
root borer, feed on the diseased roots of red clover, Trifolium pratense (Leath 
and Byers, 1973), and behavioral bioassays for attraction have been performed 
with organic extracts of diseased roots and with organic extracts of a solid 
adsorbant (Tenax) used for air extraction of diseased roots (Kamm and Buttery, 
1984). Of the compounds identified from diseased root tissue, the most attrac- 
tive in a laboratory bioassay were ethyl laurate, ethyl benzoate, estragole, chav- 
icol, pentadecanal, hexadecanal, and hexanoic acid. These compounds were not 
attractive in the field when presented alone or in combination (Kamm and But- 
tery, 1984). Adults of the pine weevil Hylobius abietis (L.) (Nordlander et al., 
1986) and of the scolytid Hylastes nigrinus (Mann.) (Rudinsky and Zethner- 
Moller, 1967) locate conifer roots suitable for oviposition by using host vola- 
tiles diffusing through the soil. 

The basis for host specificity in western corn rootworm larvae has not yet 
been determined. Diabrotica virgifera virgifera is an oligophagous species, 
feeding only on certain species of grasses. Branson and Ortman (1967, 1970) 
made a rigorous survey of the host plants suitable for larval development. Of 
44 grass species tested, 18 supported rootworm larval growth for at least 10 
days. No larvae survived 10 days on any broad-leaf species tested. In choice 
tests between cut roots of corn and of nonhost broad-leaved plants in a surface 
olfactometer, Branson (1982) found that significantly more western corn root- 
worm larvae were attracted to roots of corn than to roots of soybean, squash, 
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or sunflower (no difference was found for tomato roots vs. c o m  roots). In tests 
with a variety of  grass species,  many nonhost grass species were as attractive 
as corn or more so. Even the nonhost grass sorghum was found to be attractive 
(Branson, 1982) and to elicit feeding from western corn rootworm larvae (Bran- 
son et al.,  1969), despite the fact that the roots contain cyanogenic glycosides 
that are lethal to the larvae. These results indicate that the olfactory cues used 
by wes tem corn rootworm larvae in host location may be restricted to a range 
of  grass species,  limiting the amount of  searching that must be done in the soil,  
but are not rigorously restricted to the grass species on which western c o m  
rootworm larvae occur. We have shown that a blend of  volatile compounds 
from corn seedlings is attractive to western corn rootworm larvae, and if these 
compounds are limited to some members of  the Gramineae, this may provide a 
basis for olfactory discrimination by western corn rootworm larvae between 
grasses and broad-leaved plants. 

Acknowledgments--We would like to thank Dr. Jan Jackson from the Northern Grain Insects 
Research Laboratory in Brookings, South Dakota, for donating eggs of a nondiapausing strain of 
Diabrotica virgifera virgifera to initiate our colony and for providing advice concerning various 
aspects of  this research. Dr. Deborah Kendall critically reviewed the manuscript and assisted in 
maintaining the insect colony. We thank the Colorado State University Microservices Lab for 
assistance in plotting data, and we thank Mr. James Zumbrunnen from the Colorado State Univer- 
sity Statistics Laboratory for assistance in data analysis. This research was funded by the Colorado 
Agricultural Experiment Station. 

REFERENCES 

ANONYMOUS. 1981. BMDP Statistical Software. University of Califomia Press, Berkeley, Califor- 
nia. 

BRANSON, T.F. 1982. Olfactory response of larvae of Diabrotica virgifera virgifera to plant roots. 
Entomol. Exp. Appl. 31:303-307. 

BRANSON, T.F. 1986. Larval feeding behavior and host-plant resistance in maize, pp. 159-182, in 
J.L. Krysan and T.A. Miller (eds.). Methods for the Study of Pest Diabrotica. Springer- 
Verlag, New York. 

BRANSON, T.F.,  and ORTMAN, E.E. 1967. Host range of larvae of the western corn rootworm. J. 
Econ. Entomol. 60:201-203. 

BRANSON, T.F.,  and ORTMAN, E.E. 1970. The host range of larvae of the western corn rootworm: 
Further studies. J. Econ. Entomol. 63:800-803. 

BRANSON, T.F.,  GUSS, P.L., and ORTMAN, E.E. 1969. Toxicity of sorghum roots to larvae of the 
western corn rootworm. J. Econ. Entomol. 62:1375-1378. 

BRANSON, T.F.,  SUTTER, G.R., and FISHER, J.R. 1980. Plant response to stress induced by artificial 
infestations of western corn rootworm. Environ. Entomol. 9:253-257. 

BROWNE, L.E.,  BIRCH, M.C.,  and WOOD, D.L. 1974. Novel trapping and delivery systems for 
airborne insect pheromones. J. Insect Physiol. 20:183-193. 

BUTTERY, R.G.,  and LING, L.C. 1984. Corn leaf volatiles: Identification using Tenax trapping for 
possible insect attractants. J. Agric. Food Chem. 32:1104. 



ROOTWORM ATTRACTION TO CORN VOLATILES 1537 

BUTTERY, R.G.,  and LING, L.C. 1985. Volatile components of com roots: Possible insect attrac- 
tants. J. Agric. Food Chem. 33:772-774. 

BUTTERY, R.G.,  LING, L.C.,  and CHAN, B.G. 1978. Volatiles of corn kernels and husks: Possible 
corn ear worm attractants. J. Agric. Food Chem. 26:866-869. 

BUTTERY, R.G.,  LING, L.C. ,  and TERANISm, R. 1980. Volatiles of corn tassels: Possible corn ear 
worm attmctants. J. Agric. Food Chem. 26:771-774. 

BYRNE, K.J.,  GORE, W.E.,  PEARCE, G.T.,  and SILVERSTEIN, R.M. 1975. Porapak-Q collection of 
airborne organic compounds serving as models for insect phermones. J. Chem. Ecol. 1:1-8. 

CALKINS, C.O.,  MATTESON, J .W.,  and RANDALL, D.D. 1967. Response of false wireworm Eleodes 
suturalis larvae to wheat in olfactometer tests. J. Econ. EntomoL 60:665-668. 

CANTELO, W.W. ,  and JACOBSON, M. 1979. Corn silk volatiles attract many pest species of moths. 
J. Environ. Sci. Health A14:695-707. 

CARSON, J.F.,  and WONG, F.F. 1961. The volatile flavour components of onions. J. Agric. Food 
Chem. 9:140-143. 

DOANE, J.F.,  LEE, Y.W.,  KLINGER, J., and WESTCOTT, N.D. 1975. The orientation response of 
Ctenicera destructor and other wireworms (Coleoptera: Elateridae) to germinating grain and 
to carbon dioxide. Can. Entomol. 107:1233-1252. 

DUNCAN, D.B. 1955. Multiple range and multiple F tests. Biometrics 11:1-42. 
FINCH, S., and SKINNER, G. 1974. Studies on the cabbage root fly: chemicals influencing behav- 

ior-evaluat ion of attractants. Rep. Natl. Peg. Res. Stn. 1973:84-85. 
FLATH, R.A.,  FORREY, R.R.,  JOHN, J.O., and CHAN, B.G. 1978. Volatile components of corn silk: 

Possible Heliothis zea attractants. J. Agric. Food Chem. 26:1290-1293. 

GOLUB, M.A.,  and WEATHERSTON, I. 1984. Techniques for extracting and collecting sex phero- 
mones from live insects and from artificial sources, pp. 223-286, in H.E. Hummel and T.A. 
Miller (eds.). Techniques in Phermone Research. Springer-Verlag, New York. 

GUERIN, P.M.,  and RYAN, M.F. 1984. Relationship between root volatiles of  some carrot cultivars 
and their resistance to the carrot fly, Psila roase. Entomol Exp. Appl. 36:217-224. 

HARRIS, D.G., and VAN BAVEL, C.H.M. 1957. Root respiration of tobacco, corn, and cotton plants. 
Agron. J. 49:182-184. 

HS1AO, T.H. 1985. Feeding behavior, pp. 471-512, in G.A. Kerkut, L.I. Gilbert (eds.). Compre- 
hensive Insect Physiology, Biochemistry, and Pharmacology, Vol. 9. Pergamon Press, New 
York. 

IKESHOJI, T., ISHIKAWA, Y., and MATSUMOTO, Y. 1980. Attractants against the onion maggots and 
flies, Hylemya antiqua, in onions inoculated with bacteria. J. Pestic. Sci. 5:343-350. 

IKESHOJI, T., MATSUMOTO, Y., NAGAI, M., KOMOCHI, S., TSUTSUMI, M., and MITStJL Y. 1982. 
Correlation between the susceptibility of  onion cultivars to the onion maggot, Hylemya anti- 
qua, and the biochemical characteristics of onion plant. Appl. Ent. Zoolomol. 17:507-518. 

JACKSON, J.J. 1986. Rearing and handling ofDiabrotica virgifera and Diabrotica undecimpunctata 
howardi, pp. 25-47, in J.L. Krysan and T.A. Miller (eds.). Methods for the Study of Pest 
Diabrotiea. Springer-Verlag, New York. 

JOHNSON, R.N.,  and VIGLIERCHIO, D.R. 1961. The accumulation of plant parasitic nematode larvae 
around carbon dioxide and oxygen. Proc. Helm. Soc. Wash 28:171-174. 

JONES, O.T., and COAKER, T.H. 1977. Oriented responses of carrot fly larvae Psila rosae, to plant 
odours, carbon dioxide and carrot root volatiles. Physiol. Entomol. 2:189-197. 

JONES, O.T., and COAKER, T.H. 1978. A basis for host plant finding in phytophagous larvae. 
Entomol. Exp. Appl. 24:272-284. 

JONES, O.T.,  and COAKER, T.H. 1979. Responses of carrot fly larvae, Psila rosae, to the odorous 
and contact-chemostimulatory metabolites of host and non-host plants. Physiol. Entomol. 

4:353-360. 



1538 HIBBARD AND BJOSTAD 

KAMM, J.A., and BUTTERY, R.G. 1984. Root volatile components of red clover: Identification and 
bioassay with the clover root borer. Environ. Entomol. 13:1427-1430. 

KHNGLER, J. 1957. Llber die Bedeutung des Kohlendioxyds fiir die Orientiemng der Larven von 
Otiorrhynchus sulcatus F., in Melolontha und Agriotes (Col.) im Boden (Vodfiufige Mitt- 
eilung). Mitt. Schweiz. Entomol. Ges. 30:317-322. 

KLINGLER, J. 1958. Die Bedeutung der KohlendioxydAusscheidung der Wurzein fiir die Orien- 
tierung der larven yon Otiorrhynchus sulcatus F. und anderer bodenbewhonender phytophager 
Insektenarten. Mitt. Schweiz. Entomol. Ges. 31:206-269. 

KLINGLER, J. 1961. Anziehungsversuche mit Ditylenchus dipsaci unter Beriicksichtigung der 
Wirkung des Kohlendioxyds, des Redoxpotentials und anderer Faktoren. Nematologica 6:69- 
84. 

KLINGLER, J. 1963. Die Orientiemng yon Ditylenchus dipsaci in gemessenen kunstlichen und bio- 
logischen CO2-Gradienten. Nematologica 9:185-199. 

KLINGLER, J. 1965. On the orientation of plant nematodes and of some other soil animals. Nema- 
tologica 11:2-14. 

KLINGLER, J. 1966. Uber den Sitz der CO2-Rezeptoren bei tier Larve von Otiorrhynchus sulcatus. 
Entomol. Exp. Appl. 9:271-277. 

LADD, T.L. ,  STINNER, B.R., and KRUEGER, H.R. 1983. Eugenol, a new attractant for the northern 
corn rootworm. J. Econ. Entomol. 76:1049-1051. 

LEATH, K.T.,  and BYERS, R.A. 1973. Attractiveness of diseased red clover roots to the clover root 
borer. Phytopathology 64:429-431. 

MASS1MINO, D., ANDRE, M., RICHAUD, C., DAGUENET, A., MASSIMINO, J., and VWOLI, J. 1980. 
t~volution horaire au cours d 'une joum6e normale de la photosynth~se, de la transpiration, de 
la respiration foliate et racinaire et de la nutrition. N.P.K. chez Zea mays. Physiol. Plant 
48:512-518. 

MATSUMOTO, Y. 1970. Volatile organic sulfur compounds as insect attractants with special refer- 
ence to host selection, pp. 133-160, in D.L. Wood, R.M. Silverstein, and M. Nakajima 
(eds.). Control of Insect Behavior by Natural Products. Academic Press, New York. 

MATSUMOTO, Y., and THORSTEINSON, A.J. 1968. Olfactory response of the larvae of the onion 
maggot, Hylemya antiqua to organic sulfur compounds. Appl. Entomol. Zool. Jpn., 3:107- 
111. 

MEEKING, J .M.,  SEAgROOK, W.D. ,  and PALM, U. 1974. Perception of carbon dioxide by larvae of 
Orthosoma brunneum as indicated by recordings from the ventral nerve cord. Can. Entomol. 
106:257-262. 

ME'rCALF, R.L. 1986. Foreword, pp. vii-xv, in J.L. Krysan and T.A. Miller (eds.). Methods for 
the Study of Pest Diabrotica. Springer-Verlag, New York. 

MouRsl, A.A. 1962. The attractiveness of CO2 and N2 to soil arthropods. Pedobiologia 1:299- 
302. 

MOURSI, A.A. 1970. Behaviour of  soil arthropods towards gases. Bull. Entomol. Soc. Egypt (Econ. 
Ser.) 4:237-239. 

NORDLANDER, G., EIDMANN, H.H.,  JACOBSSON, U.,  NORDENHEM, H., and SJooly, K. 1986. Ori- 
entation of the pine weevil Hylobius abietis to underground sources of host volatiles. Entomol. 
Exp. Appl. 41:91-100. 

PALM, U., and BECKEL, W.E. 1963a. The carbon dioxide related behavior of the adults of Ortho- 
soma brunneum. Can. J. Zool. 42:295-304. 

PALM, U., and BECKEL, W.E. 1963b. The behavior of the larve of Orthosoma brunneum in relation 
to gases found in the logs inhabited by the larvae. Can. J. Zool. 42:327-353. 

PUNE, M., and DUSENBERY, D.B. 1987. Responses of plant-parasitic nematode Meloidogyne 
incognita to carbon dioxide determined by videocamera-computer tracking. J. Chem. Ecol. 
13:873-888. 



ROOTWORM ATTRACTION TO CORN VOLATILES 1539 

PROT, J.C. 1980. Migration of plant-parasitic nematodes towards plant roots. Rev. Nematol. 3:305- 
318. 

RUDINSKY, J.A., and ZETHNER-MOLLER, O. 1967. Olfactory responses of Hy!astes nigrinus to 
various host materials. Can. Entomol. 99:911-916. 

RYAN, M.F. ,  and GUERIN, P.M. 1982. Behavioural responses of the carrot fly larva, Psila rosae, 
to carrot root volatiles. Physiol. Entomol. 7:315-324. 

RYGG, T., and SOMME, L. 1972. Oviposition and larval development of Hylemyafloralis on vari- 
eties of swedes and turnips. Norsk Entomol. Tidsskr. 19:81-90. 

SCHER, F.M.,  KLOEPPER, J.W., and SINGLETON, C.A. 1985. Chemotaxis of fluorescent Pseudo- 
monas spp. to soybean seed exudates in vitro and in soil. Can. J. Microbiol. 31:570-574. 

SHORT, D.E., and LUEDTKE, R.J. 1970. Larval migration of the western corn rootworm. J. Econ. 
Entomol. 63:325-326. 

SoM, S.K., and FINCH, S. 1979. Laboratory evaluation of sulphur-bearing chemicals as attractants 
for larvae of the onion fly Delia antiqua. Bull. Entomol. Res. 69:291-298. 

ST~DLER, E. 1971. ~lber die Orientiernng und das Wirtswahlverhalten der M6hrenfliege, Psila 
rosae F. I. Larven. Z. Angew. Entomol. 69:425-438. 

ST~,DLER, E., 1972. Uber die Orientierung und das Wirtswahlverhalten der M6hrenfliege, Psila 
rosae F. II. Imagines. Z. Angew. Entomol. 70:29-61. 

STRNAD, S.P. and BERGMAN, M.K. 1987. Movement of first-instar western corn rootworms 
(Coleoptera: Chrysomelidae) in soil. Environ. Entomol. 16:975-978. 

STRNAD, S.P., BERGMAN, M.K.,  and FULTON, W.C. 1986. First instar rootworm response to car- 
bon dioxide. Environ. Entomol. 15:839-842. 

SUTHERLAND, O.R.W. 1972. Olfactory responses of Costelytra zealandica larvae to grass root 
odours. N.Z. J. Sci. 15:165-172. 

THOMPSON, A.C. ,  HEDIN, P.A.,  and GUELDNER, R.C. 1974. Corn bud essential oil. Phytochem- 
istry 13:2029-2032. 

WOLFSON, J.L. 1987. Impact of Rhizobium nodules on Sitona hispidulus, the clover root curculio. 
Entomol. Exp. Appl. 43:237-243. 

YAMADA, Y., ISHIKAWA, Y., IKESHOJI, T., and MATSUMOTO, Y. 1981. Cephalic sensory organs of 
the onion fly larva, Hylemya antiqua responsible for host-plant finding. Appl. Entomol. Zool. 
16:121-128. 


