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ABSTRACT 
 
 

THE CHEMICAL ECOLOGY OF THE LESSER CHESTNUT WEEVIL: 
BEHAVIORAL AND ELECTROPHYSIOLOGICAL RESPONSES OF CURCULIO 

SAYI (COLEOPTERA: CURCULIONIDAE) TO HOST-PLANT VOLATILE 
ORGANIC COMPOUNDS 

 
Ian W. Keesey 

Dr. Bruce A. Barrett, Dissertation Supervisor 

 

 The most abundant volatile organic compounds (VOC) from chestnut 

reproductive plant tissue (catkin, nut and bur) were identified with gas 

chromatography and mass-spectrometry (GC-MS).  In total, 45 compounds were 

identified, and 27 were selected for further study.   Two-choice behavioral 

bioassays were conducted with a Y-tube olfactometer using chestnut plant tissues 

(leaf, catkin, nut and bur) to assess the response of the lesser chestnut weevil, 

Curculio sayi, to these host plant tissues types, as these tissues had been 

previously suggested to be the most important in this plant-insect interaction.  

Additionally, the electrophysiological response of the antennae of C. sayi adults 

towards both plant tissue and individual VOC from chestnut was examined using 

an electroantennogram (EAG).  The behavioral bioassay and EAG data associated 

with chestnut plant tissue demonstrated that the insect does not respond directly 

to the sites of oviposition (nut tissue), but rather more strongly to the spiked bur 

encasing the nuts, the leaves, and the spring florescence (catkins).  There were 

several individual VOC from chestnut that were found to be important for C. sayi 

adults, including (E)-2-hexenal, 2-heptanone, 2-heptanol, ethyl isobutyrate, ethyl 

butyrate, ethyl 2-methyl butyrate and ethyl tiglate.  There were several 
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differences between male and female responses to plant tissue and individual 

VOC, as well as significant differences between those insects collected in the 

spring compared to those from the fall season.  A qualitative analysis of the 

reproductive organs of C. sayi adults revealed distinct differences in their 

development across the spring and fall seasons for both males and females. 
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CHAPTER I: 
INTRODUCTION 

 
 
 
 The lesser chestnut weevil, Curculio sayi (Gyllenhal), infests the nuts of 

the trees within the genus Castanea throughout the United States, and it has not 

been reported to feed or oviposit on any other group of plants (Brooks and 

Cotton, 1929; Johnson, 1956).  It is a serious pest of natural and commercial 

chestnut production efforts, as it can destroy up to 90% of the total nuts 

produced annually (Johnson, 1956), and this insect represents a key pest for 

chestnut growers in Mid-Missouri (Keesey and Barrett, 2008).  While many 

aspects of the biology and ecology of chestnut weevil pests have been studied, no 

research has been conducted to examine the important ecological chemistry 

behind this highly host-specific plant-insect system.  That this insect has 

persisted in Mid-Missouri, even given the almost complete destruction of the 

native tree, the American chestnut (Castanea dentata), suggests a strong 

chemoreception mechanism in C. sayi that allows it to identify and locate its host 

tree across great distances and often over highly fragmented host ranges (Bruce 

et al., 2005). 

 Phytophagous insects use a variety of general and host-specific cues to 

locate their host plants within an environment (Bernays and Chapman, 1994; 

Bruce et al., 2005).  A flying insect will use long-range visual or olfactory 

information to lead it into the vicinity of the target plant, and once making 

contact with a potential host, it utilizes short-range olfactory, mechanical or 

gustatory cues to verify the suitability of the plant as a feeding or oviposition site 
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(Bruce et al., 2005).  The olfactory cues, both long-range and short-range, are 

often plant volatile organic compounds (VOCs) and these semiochemicals carry 

chemical information about the potential hosts in the environment, which can 

relay signals regarding the species, location, and health of the plant (Bernays and 

Chapman, 1994).  The attractiveness of constitutive or induced plant volatiles is 

important to understand pest dispersal and to manage the associated damage on 

native plant populations as well as on commercially established crops (Bruce et 

al., 2005). 

 While no research exists on the role of semiochemicals in the host-locating 

behaviors of C. sayi adults, there is a large body of literature on other weevil pest 

species regarding the critical use of plant VOCs in determining the attractiveness 

of a host.  These studies include the pecan weevil, Curculio caryae Horn (Collins 

et al., 1997), the Fuller‟s rose weevil, Pantomorus cervinus Boheman (Wee et al., 

2008),  the plum curculio, Conotrachelus nenuphar Herbst (Leskey et al., 2009), 

the pepper weevil, Anthonomus eugenii Cano (Addesso and McAuslane, 2009) 

and the cranberry weevil, Anthonomus musculus Say (Szendrei et al., 2009).  

These studies have shown weevils can detect and orientate to host plant volatiles 

in behavioral bioassays as well as in antennal electrophysiology studies, and 

moreover that olfaction is an important factor in host location for this group of 

insects. 

 Thus the overall objectives of this research are to identify important plant 

tissues from chestnut for C. sayi attraction, to determine the VOCs generated 

from those plant tissues, and to assess behavioral and electrophysiological 
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responses of this pest insect to both the plant material and individual VOCs from 

the host plant.  
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CHAPTER II: 
LITERATURE REVIEW 

 
 
 

Chestnut Phylogeny and Biology 
 

 
Chestnuts belong to the genus Castanea and are a member of the family 

Fagaceae that also includes the genera Quercus (oak) and Fagus (beech).  The 

genus Castanea has been revised repeatedly, but currently contains seven 

recognized species that are divided into three sections with regard to nut shape, 

the number of nuts per cupule or bur, and the manner in which the bur splits 

open (Miller, 2003).  The three sections of Castanea are Eucastanon, 

Balanocastanon, and Hypocastanon, and they were originally separated by Dode 

(1908).  All of the commonly regarded “chestnuts” are members of the section 

Eucastanon, as their burs open along two perpendicular sutures that split open 

into four points, and the bur usually contains three large nuts.  This section 

includes five species: C. dentata (American chestnut), C. sativa (European 

chestnut), C. mollissima (Chinese chestnut), C. seguinii (Sequin‟s chestnut) and 

C. crenata (Japanese chestnut).  These species are also the most widely adopted 

trees for commercial planting due to their tendency towards larger nut size and 

higher annual nut production (Jaynes, 1979; Hunt et al., 2006).  The 

Balanocastanon section encompasses the North American chinquapins, which 

open along one suture like a clam shell and can contain one to three small nuts.  

Originally this section was divided into six species, but more recent phylogenetic 

studies have shown it to be one highly diverse species (C. pumila) that has two 

major botanical varieties (pumila and ozarkensis) (Lang et al., 2006).  Lastly, the 
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Hypocastanon section includes only one species that bears a single nut per bur, 

and this Asian “chinquapin” is restricted to southwest China (C. henryi).  Of the 

seven species within Castanea, only two are native to the western hemisphere, 

while the other five are found in the eastern hemisphere (Miller, 2003; Lang et 

al., 2006; Dinkins, 2009). 

 
The American chestnut  
 

The American chestnut, Castanea dentata, was once a dominant tree 

species throughout the forests of the Eastern United States (Jaynes and DePalma, 

1984; Miller, 2003).  Reaching heights of over one hundred feet, these massive 

trees represented an estimated 25-30 percent of the trees throughout the 

Appalachian Forests, covering over 81 million hectares (Anagnostakis, 1987; Gold 

and Hunt, 2002; Miller, 2003).  The American chestnut grew to several feet in 

diameter, and had very good sustained growth with few lateral branches, making 

it an ideal candidate for the lumber industry of early American settlers.  Chestnut 

wood was prized for its durability and rot-resistance and had a wide variety of 

uses.  Many homes had chestnut shingle roofing, chestnut paneling, chestnut 

doors, chestnut furniture and even chestnut cribs for their children.  In addition, 

the harvested lumber was used for telephone poles, the masts of ships, railroad 

ties and farmyard fencing (Woods and Shanks, 1959; Kuhlman, 1978; Miller, 

2003).  Extracts from chestnut tree waste, left over from the lumber industry, 

made up two thirds of the total plant material used by the leather industry in the 

late 1800s, mostly due to the high levels of tannins in the wood (Kuhlman, 1978).  

One author noted that chestnut trees carried Americans from the cradle to the 
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grave, which was in reference to the wood being used for everything from 

childhood toys to coffins (Kuhlman, 1978).  Moreover, while it was certainly a 

staple for construction and other wood-derived products, chestnut trees also 

provided a valuable food commodity, both for wildlife and human consumption.  

Prior to the 20th century, roasted chestnuts were commonplace on street corners 

in cities and towns throughout the Eastern United States (Miller, 2003; Davelos 

and Jarosz, 2004).  Rural communities often gathered the nuts to supplement 

livestock forage, or to store away for the winter.  Even famous authors like Henry 

David Thoreau wrote about the majesty and magic of the American chestnut tree 

in his book, Walden, in 1854.  The nuts from this forest tree also supported black 

bears, wood ducks, ruffled grouse, blue jays, turkeys, white-tailed deer, as well as 

the now extinct passenger pigeon.  Consequently, the American chestnut tree was 

a primary forest resource for most of the inhabitants in the Eastern United States 

prior to the 20th century (Rieske et al., 2003; Miller, 2003; Bounous and 

Marinoni, 2005). 

 
Chestnut Blight 
 

The chestnut blight is caused by a fungus, Cryphonectria parasitica 

(Diaporthales: Cryphonectriaceae), and was accidentally introduced into the 

United States from Asia on chestnut seedlings imported at the turn of the 20th 

century for breeding purposes (Anagnostakis, 1987; Miller, 2003; Davelos and 

Jarosz, 2004).  This fungus can reproduce both sexually and asexually by 

ascospores and conidia, respectively.  Both types of the fungus can be dispersed 

by wind and rain, but it can also be spread by birds or insects that come into 
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contact with infected parts of the tree.  Although insects are not considered to 

play a major role in the spread of the blight, almost 70 different types of insects 

have been shown to be capable of carrying C. parasitica inoculum (Russin et al., 

1984).   Upon transport to a new host tree, C. parasitica enters through breaks in 

the bark, such as weather-related wounds or wounds from insect or woodpecker 

damage.  The fungal hyphae rapidly spreads into the xylem and phloem tissues 

and produces cankers that girdle the tree, and all portions of the tree distal to the 

point of this lesion die from a lack of water and nutrient transport.  The 

surrounding dead patch often swells and further cracks the outer bark, and 

yellow-orange to reddish-brown pustules develop on the infected area.  It should 

be noted that the blight kills the aboveground portions of the chestnut tree 

relatively quickly, but does not affect the belowground root system 

(Anagnostakis, 1977; Anagnostakis , 1987; Anagnostakis, 2005).  Thus, coppice 

growth from chestnut stumps is common in areas destroyed by the blight, though 

the fungus can return and kill these saplings before they even reach sexual 

maturity (Anagnostakis and Waggoner, 1981; Anagnostakis, 1987). 

 
History of the American Chestnut Blight 
 

The chestnut blight, Cryphonectria parasitica, was originally named 

Endothia parasitica (Anderson and Rankin, 1914; Barr, 1978).  The first 

published report of the presence of this fungal disease in the United States was in 

1904, by the forester Hermann W. Menkel, in New York City at the Bronx Zoo 

(New York Zoological Garden) (Menkel, 1905).  After its discovery, Menkel 

secured $2,000 in emergency government funding to remove and burn the 
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infected trees, but by the following year, the vast majority of the remaining 

American chestnut trees in the Bronx Zoo and Gardens had symptoms of the 

blight.  This observation led Menkel (1905) to report that the disease was highly 

virulent, and also that it affected both young and old growth trees equally.  A 

report in 1906 indicated that the infection was also observed in New Jersey, 

Maryland, the District of Columbia and Virginia (Murrill, 1906).  A few years 

later, additional incidents of the blight were reported in Pennsylvania, 

Connecticut and Rhode Island (Metcalf and Collins, 1909; Metcalf and Collins, 

1911; Shear et al., 1912).  Originally it was thought that drought conditions 

contributed to the trees succumbing to an otherwise harmless native fungal 

pathogen; however, observations that Chinese and Japanese chestnuts showed 

more resistance to the blight led researchers to believe that this was an 

introduced fungus from Asia (Kuhlman, 1978).   

The rapid spread of this fungus and the devastating effects on the native 

chestnut tree population contributed to the Plant Quarantine Act of 1912, which 

would eventually give rise to the Animal and Plant Health Inspection Service 

(APHIS).  This is the branch of the U.S. Department of Agriculture responsible 

for establishing and operating border inspection stations and, moreover, gives 

the federal government the authority to organize border quarantines and to 

conduct mandatory inspection of all imported agricultural products (Waterworth 

and White, 1982).   

While many attempts were made, all eradication efforts to contain the 

spread of the blight failed, even given the large public outcry for the saving of the 

American chestnut (Unknown, 1911).  The failure to eradicate the blight most 
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likely was due to the high virulence of the fungus as well as the high population 

density of American chestnut trees (and thus close proximity for transmission) 

across its native host range in the Eastern United States.  By 1950, the once 

dominant American chestnut tree population had been almost completely 

eliminated, with only 1-2% of its host range remaining (Hepting, 1974; Davelos 

and Jarosz, 2004; Anagnostakis, 2005).  Although a few American chestnut trees 

have survived the blight in isolated pockets, the chestnut blight is still persistent 

in the United States and even sometimes kills resistant, hybrid trees (Hunt el al., 

2006).  The American Chestnut Foundation (TACF) was established in 1983, and 

is functioning to introduce blight resistance into American chestnut through 

traditional breeding and more modern plant genetic research using resistant 

Chinese and Japanese chestnut.  The mission of TACF is to reintroduce the 

American chestnut into its native range, and restore the tree to its historical 

prominence in the Eastern United States (www.acf.org).  Other literature has 

attempted to examine the feasibility of large-scale reintroduction of C. dentata 

(Schlarbaum et al., 2001), and this year efforts to replant chestnut into public 

parks in New York and Washington D.C. have begun. 

 
The Chinese Chestnut 
 

Due to the destruction of the American chestnut, Castanea dentata, the 

blight-resistant Chinese chestnut, C. mollissima, has received the majority of the 

advances in breeding, trait selection (such as maximal nut production), and 

harvest techniques over the last 50 years in the United States (Millar, 1987; 

Miller, 2003).  The Chinese chestnut is native to China, which many believe is the 

http://www.acf.org/
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cradle of all Castanea species, and today China is the world‟s leading producer of 

chestnut products.  While still highly variable across individuals, C. mollissima 

has demonstrated the highest resistance to the blight, and is therefore preferred 

by most researchers and growers in mid-Missouri (Headland et al., 1976; Gold 

and Hunt, 2002; Hunt et al., 2006).  While the American chestnut was favored 

for its timber production, the Chinese chestnut produces very large nuts that are 

bright yellow, sweet, smooth and easily peeled, making them the ideal candidate 

for large scale nut production (Miller, 2003).  The genetic lines (or cultivars) of 

Chinese chestnut that show the most promise for mid-Missouri based on their 

potential for commercial nut production include Auburn-Cropper, Auburn-

Homestead, Peach and Qing (Hunt et al., 2006).   When compared to dozens of 

other cultivars, the Qing cultivar (pronounced “ching”) has demonstrated the best 

commercial prospects for mid-Missouri chestnut growers based on its high 

growth rate, large average nut size, and consistently large total annual nut 

harvest (Gold and Hunt, 2002; Gold et al., 2006; Hunt et al., 2006). 

 
Tree Growth, Phenology and Reproduction 
 

Though the timeframe is rather variable between cultivars and climate, 

most chestnut trees take eight to ten years to reach maturity and first nut 

production (Miller, 2003).  After reaching sexual maturity, chestnut trees in mid-

Missouri begin blooming in late May and continue through most of June.  There 

is some variation in start time and duration of florescence, and some chestnut 

cultivars produce a second, smaller flowering during the summer months (Miller, 

2003; Hunt et al., 2006).  Like most nut trees, chestnuts are monoecious, 
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meaning that they produce male and female organs on the same tree, but in 

separate flowers.  The individual flowers are contained along lengthened shoots, 

called catkins, which arise from leaf axils in groups of ten or more (Miller, 2003), 

and each catkin may contain several dozen flowers.  Chestnuts are considered to 

be largely wind pollinated, but insects attracted to the odorous catkins may also 

assist in pollination.  Solitary trees produce very few nuts, as chestnuts require 

cross-pollination (Miller, 2003), thus most successful orchards have many trees 

spaced no more than one hundred feet apart.  After pollination in late spring, the 

catkins senesce and the burs begin to form.  While the time from flowering to nut 

ripening varies according to several genetic factors, generally ten weeks or longer 

is required for nuts to form following pollination.  Like most nut bearing trees, 

the majority of the catkins and subsequent burs are limited to upper regions of 

the canopy that receive direct sunlight.  The bright green, spiked burs will encase 

the forming kernel or nut, and these burs grow steadily throughout the summer 

months and into the fall.  The burs begin to reach maximal size by September or 

October, and it has been noted that about half of the kernel dry weight 

accumulates within the bur during the last two weeks before nut drop (Miller, 

1987).  During this two-week ripening phase prior to nut drop, three important 

things occur.  First, the shell of the nuts turns from white to brown as the kernel 

hardens within the bur.  Second, the burs split open along their perpendicular 

suture lines and detach/release the enclosed kernels or nuts (dehiscence).  Lastly, 

the burs and nuts drop from the tree to the ground (abscission) (Miller, 2003).  

Most commercial cultivars (including Qing) open their burs while still attached in 

the tree canopy, dropping their pairs or triplets of nuts to the ground, though 
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some cultivars drop enclosed burs.  Therefore, the order of dehiscence and 

abscission can vary according to the chestnut cultivar.  After nut ripening occurs, 

a tree may drop all of its nuts quickly over several days or more slowly over 

several weeks.  The onset of nut drop varies by four to six weeks across cultivars, 

and is also associated with temperature (Miller, 2003). 

 
Chestnut Weevils 

 
 
Taxonomic Overview of Curculionid Weevils 
 

Attempts to organize the beetle superfamily Curculionoidea has been a 

difficult task (largely because of the immense evolutionary radiation and 

morphological similarity between species), and this group has been split up and 

lumped together repeatedly in order to arrange the identified species into 

subfamilies and genera.  Currently, seven families are recognized in 

Curculionoidea and include: Nemonychidae (pine flower snout beetles), 

Anthribidae (fungus weevils), Belidae (primitive weevils), Attelabidae (leaf-

rolling weevils), Brentidae (straight-snouted weevils), Ithyceridae (the New York 

weevil) and Curculionidae (true weevils) (Triplehorn and Johnson, 2004).  While 

the taxonomy has been in disagreement, one thing that has always been agreed 

upon is the sheer number and diversity of species within the superfamily 

Curculionoidea.  By far the most speciose (Hart, 2008) of the seven families 

within this superfamily is Curculionidae, which contains about 4,600 genera and 

close to 60,000 species (Farrell, 1998).  This family is the largest in the insect 

order Coleoptera, which in turn is the largest order of living organisms; therefore, 

true weevils are the most diverse and speciose group on the planet.  In fact, if you 
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added all described species of vertebrate animals including mammals (5,490), 

birds (9,998), reptiles (9,084), amphibians (6,433) and fish (31,300) you would 

roughly be on par with the number of currently described Curculionidae species 

(Union, 2010).   Members of this family are found in every environment across 

the globe, from arid deserts to lush rainforests and from sea level to the tops of 

mountains (Oberprieler et al., 2007).  Their successful evolutionary radiation is 

likely due to their close association with plants (Ferrell, 1998), and in fact, the 

vast majority of the identified Curculionidae species are phytophagous (with a 

few exceptions including those that live in ant nests) (Marvaldi et al., 2002).  

Thus the successful diversification of the weevil might be linked directly to the 

success of plants (Marvaldi and Morrone, 2000; Marvaldi et al., 2002).  Most 

species feed on angiosperms or flowing plants, but various members of 

Curculionidae also feed on gymnosperms, pteridophytes, bryophytes, lichens and 

sometimes algae or cyanobacteria (Oberprieler et al., 2007).  The majority of 

Curculionidae have an endophytic larval stage inside many different types of 

plant tissue, ranging from roots beneath the soil to flowers and seeds high above 

the ground, and the larvae are often therefore without legs (apodous) (AliNiazee, 

1998; Oberprieler et al., 2007).   

The three most recent attempts to form a cladogram of the superfamily 

Curculionoidea using morphological characteristics include Kuschel (1995), 

Marvaldi (1997), and Marvaldi and Morrone (2000).  Each study resulted in a 

slightly different cladogram, but all place the family Curculionidae in its own 

clade or branch.  The most recent phylogenetic analysis of Curculionoidea using 

nucleotide sequences of 18S ribosomal DNA in addition to 115 morphological 
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characters (Marvaldi et al., 2002) separates the superfamily into the currently 

recognized seven families, with Curculionidae once again given its own separate 

clade.  It is, therefore, currently accepted that the family Curculionidae is 

monophyletic, even given the difficulty in the accurate organization of the other 

families within Curculionoidea.  In the text Introduction to the Study of Insects, 

7th edition (Triplehorn and Johnson, 2004) 18 subfamilies of Curculionidae are 

reported to occur in North America, including recent additions such as Scolytinae 

and Platypodinae, which used to be separated into their own separate families.   

 
Biology and Morphology of the Lesser and Greater Chestnut Weevils 
 

Linnaeus (1758) first described the genus Curculio, while Latreille (1810) 

selected Curculio nucum (the acorn weevil) as the type-species.  While there is 

not a distinct cladogram for chestnut weevil species, there is a complete 

phylogeny for the acorn weevils (Hughes and Vogler, 2004; Pelisson et al., 2011), 

the pecan weevil (Mynhardt, 2006), and a molecular diagnostic for the boll 

weevil (Kim et al., 2009).  However, the life history and biology of Curculio (the 

nut weevils) are basically similar for all species, and this genus encompasses 27 

species in North America, all of which select plant seeds for reproduction, 

including those seeds from the following closely related plant genera: Carya 

(hickory/pecan), Quercus (oak), Castanea (chestnut and chinquapin tree), 

Castanopsis (chinquapin shrub), Corylus (hazelnut) and Lithocarpus (tanoak) 

(Gibson, 1985).  The members of Curculio all have an extremely long and slender 

proboscis or rostrum as well as vertical mandibles (Brooks and Cotton, 1929; 

Gibson, 1985; Marvaldi, 1997).  Adults can be active from April to November 
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depending on the species, though eggs are always laid in the fall when the plant is 

producing seeds or nuts.  The female usually drills feeding holes into the nut 

prior to oviposition (there is a strong correlation between proboscis length and 

ovipositor length in Curculio) (Johnson, 1956; Gibson, 1985; Oberprieler et al., 

2007).  The apodous larvae hatch and feed inside the seed or nut until completion 

of the multiple larval instars, after which they chew an exit hole through the nut 

and enter the soil where they form a puparium made of soil particles to complete 

their development within.  All of the species within Curculio undergo a larval 

diapause of at least one to two years before pupation, and the pupal period 

usually lasts two to three weeks (Venette et al., 2003; Oberprieler et al., 2007).  

Adults develop beneath the soil, and some emerge right away while others may 

remain underground as adults for several weeks.  Variation in emergence may be 

linked to soil density or moisture, and the emergence can be accelerated by rain 

events (Johnson, 1956; Gibson, 1985; Oberprieler et al., 2007). 

The phenotypic uniformity of many of the nut weevils within the genus 

Curculio has made them difficult to study and differentiate.  Curculio 

proboscideus was described by Fabricius (1775), though it is now referred to as 

Curculio caryatrypes, or the greater chestnut weevil.  Casey (1910) described 

Balaninus auriger, but it is now referred to as Curculio sayi (Gyllenhal 1836) or 

the lesser chestnut weevil.  Many synonyms of both species exist and this gives 

evidence for the difficulty in identification due to phenotypic variations within 

the species.  Consequently, as these synonyms arise in the older literature, it is 

often difficult to determine what species the author was discussing unless the 

host plant or other biology is mentioned.  Casey (1910) and Johnson (1956) list 4 
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synonyms for C. caryatrypes (the greater chestnut weevil): C. proboscidieus, 

Balaninus caryatrypes, B. hariolus, and B. cylindricollis.  Casey (1910) and 

Johnson (1956) list 8 synonyms for C. sayi (the lesser chestnut weevil): C. 

auriger, B. auriger mollis, B. strigosus, B. algonquinus, B. acuminatus, B. 

setosicornis, B. macilentus, and B. perexillis.  In addition to the two American 

chestnut weevils, there is also the European chestnut weevil (C. elephas), the 

Italian chestnut weevil (C. propinquus), the Japanese chestnut weevil (C. 

sikkimensis) and the Chinese chestnut weevil (C. davidi), though the majority of 

the literature on other chestnut weevils is related to the European chestnut weevil 

(Debouzie and Menu, 1992; Debouzie and Pallen, 1987) or the Chinese chestnut 

weevil (Pelsue and Zhang, 2005).  

Though very similar to each other, the two “American chestnut weevil” 

species have typically been separated using morphological characteristics.  The 

greater chestnut weevil, C. caryatrypes, has a slightly larger adult form than its 

counterpart, the lesser chestnut weevil, C. sayi, which can then be further 

separated from C. caryatrypes by their more slender form, and a tendency to be 

shorter in body length with a greater curvature of the beak or rostrum (Johnson, 

1956).  C. caryatrypes is considered the largest of the Curculio species in the 

United States and can be distinguished from all other nut weevil species by the 

antennae, which have the second funicular segment longer than the first (Brooks 

and Cotton, 1929; Johnson, 1956).  Adult female C. caryatrypes body length 

varies from 8 to 11 mm, with a body width of 4 to 5 mm.  Adult female C. sayi 

body length varies from 5 to 9 mm, with a body width of 2.5 to 3.5 mm.  Genitalia 

descriptions of nut weevils are not very common, as only one of the two dozen 
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North American Curculio species has been studied using genitalia as a taxonomic 

characteristic (Johnson, 1956).  Brooks and Cotton (1929) state that, “the [larger 

chestnut weevil] is distinguished from the lesser chestnut weevil by its larger size, 

more robust form, straighter and longer beak, and, in life, by its slower 

movements and habits of carrying the beak projecting more directly forward”.  

During all stages or instars of development, the teeth on the mandibles of the 

larvae of the greater chestnut weevil are deeper than those of the lesser (Johnson, 

1956).  Lesser weevil larvae also have an additional and distinct adfrontal area 

near the fork of the epicranial suture.  The pupae of lesser chestnut weevil are 

missing a pair of short hairs on the beak at the base of the antennae, which are 

present on the pupae of the greater chestnut weevil (Brooks and Cotton, 1929, 

Johnson, 1956).   Johnson (1956) also describes in detail variations in sizes of 

larval and pupal characteristics based on measurements to the head capsule, 

though again, the greater and lesser weevil are separated simply by average size 

variations. 

The lesser chestnut weevil, Curculio sayi (Gyllenhal), is the only 

documented Curculio to emerge in the spring (Johnson, 1956; Payne et al., 1972).  

Upon emergence (typically during the month of May), the adults remain on the 

ground for 1-2 days and then fly to the tops of the trees to feed on the spring 

catkins.  After the catkins wither, the beetles disappear and are not found on the 

trees again until the middle of August (Johnson 1956).  Mating occurs on or near 

the chestnut trees in August and September, with egg laying taking place soon 

thereafter.  C. sayi is the only chestnut weevil that is not observed to mate soon 

after emergence, but rather seemingly remains celibate until fall, or roughly 3 
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months after its initial spring emergence.  The female typically begins to lay eggs 

in September after chewing a hole through the nut, or sometimes through the bur 

if the nuts are not exposed.  Larvae develop inside the nuts in about 21 days and 

soon after, the fully grown larvae emerge from the chestnut and burrow into the 

ground to a depth of about 15 to 20 cm (Brooks and Cotton, 1929; Van Leeuwen, 

1952; Johnson, 1956).  The larvae cut a circular exit hole in the nut of about 2 mm 

in diameter and quickly enter the soil (Payne et al., 1972; Payne et al., 1975).  

Johnson (1956) reported the emerging larvae to crawl no more than 8 cm from 

the point where they first contacted the ground.  They then burrow straight 

downward with little or no lateral movement for several centimeters and 

construct a smooth-walled earthen cell (puparium).  The depth at which these 

cells are formed varies from 5 to 25 centimeters, with one of the factors that seem 

to determine the depth of the cells being the nature of the soil.  Van Leeuwen 

(1952) reported that 97% of the larvae are in fact found in the first 20 centimeters 

of soil, which was confirmed by Keesey and Barrett (2008).  Once underground, 

the larvae construct earthen cells where they remain as larvae until September of 

the following year, at which time about 90% pupate (Johnson, 1956).  Those that 

pupate remain in the soil for three to four weeks prior to changing into the adult 

form.  These adults then remain in the soil over a second winter, and emerge the 

following May or June (or about 21 months after they entered the soil).  A few 

larvae will remain in the soil over three winters (or about 33 months) (Keesey 

and Barrett, 2008).  All chestnut weevil are documented to experience a 

prolonged diapause (Soula and Menu, 2005), but some of this variation in range 

of lifecycles may be caused by larvae size prior to entering the soil (Menu and 
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Desouhant, 2002), as well as the depth to which the larvae burrow (Menu, 1993; 

Hall and Austin, 2002).  Typical weevil emergence begins early in May through 

mid-June (Brooks and Cotton, 1929; Johnson, 1956; Menu and Desouhant, 2002; 

Keesey and Barrett, 2008).  More recent research has demonstrated that C. sayi 

has two emergence periods, one in the spring as previously known, but also 

another emergence period in the fall, with little or no observable activity in the 

trees during the summer months between catkin senescence and nut formation 

(Keesey and Barrett, 2008).  This study also confirmed that this species follows a 

variable, multiple-year diapause in mid-Missouri, and that the larvae position 

themselves in the first 20 cm underground, directly below the tree canopy.  More 

specifically, approximately 25% of the larvae are found at a depth of 7.5cm, 50% 

are found at 7.5-15cm, and the remaining 25% at 15-23cm underground.  Most of 

the adults emerge after 2 years, though some emergence was observed during the 

first and third year as well (Keesey and Barrett, 2008).   

Observations of C. sayi by Johnson (1956) led to his prediction that this 

species was prone to prolonged flight.  More recently, it has been demonstrated 

with laboratory flight mill equipment that this species is capable of large 

distances of dispersal (Keesey, 2007), which suggests the importance of long 

range host detection, similar to the literature on the flight capabilities of the boll 

weevil (McKibben, 1985).  Maximum continuous flight distances were the same 

for both males and females, and were recorded to be between 2.5 and 3 

kilometers respectively (Keesey, 2007).  Though C. sayi was noted to be initially 

difficult to induce into flight, those that flew for more than 10 minutes were more 

apt to repeat lengthy flight durations (Keesey, 2007), thus there may be a 
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physiological change associated with prolonged flight similar to that observed in 

migration states of some insects (Dingle, 1972; Blackmer at al., 1994).    

The greater chestnut weevil, Curculio caryatrypes (Boheman), is even 

more poorly documented than C. sayi, as it does not tend to exist in as 

economically damaging of numbers as its smaller counterpart (Johnson, 1956; 

Hunt et al., 2006).  Though very similar to C. sayi in lifecycle, C. caryatrypes is 

commonly referred to as completing its life cycle in only one year, thus passing 

only one winter underground in the larval stage, although the literature states the 

occasional individual will periodically pass two winters underground (Brooks and 

Cotton, 1929; Johnson, 1956).  The adults only emerge in the fall, between August 

and September, usually just as the chestnut burs are opening.  While C. 

caryatrypes adults emerge in the fall, as opposed to a spring emergence of C. 

sayi, most other life history characteristics are similar between these two closely 

related species (Johnson, 1956).  Adult female C. caryatrypes deposit their eggs 

into the nut after chewing a small hole through the bur, and the eggs will hatch 

within a few days.  Larvae begin to consume the interior of the fruit for three 

weeks after hatching and then emerge from the nut to burrow into the soil.  

Depth of larval burrowing is estimated to be between 5 and 25 centimeters 

underground (Johnson, 1956). 

 
Weevil Antennal Morphology  
 

To locate their host plants, Curculionid weevils are dependent on 

mechanical, olfactory and gustatory sensory receptors, the majority of which are 

concentrated on their antennae (Hix et al., 2003; Said etal., 2003).  These 
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sensory receptors associated with the antennal segments can be used by the 

insect to palpate surfaces and gain information from mechanoreceptors and 

chemoreceptors through direct contact with the surface of a substrate, or they can 

also use similar sensory chemoreceptors to detect host plant volatiles in the air at 

some distance from the host plant emitter (Bjostad, 1998; Bruce et al., 2005).  

Although studies of the external or internal morphologies of insect antennae only 

suggest functions in nature, these studies can prove useful in establishing 

antennal preparation techniques as well as interpreting electrophysiological data. 

 Several studies have examined the sensory sensilla of Curculionidae, often 

using scanning electron microscopes (SEMs) to establish morphological 

variations and counts of sensory types.  In the adult alfalfa weevil, Hypera 

postica Gyllenhal, no antennal morphology differences are observed between the 

sexes (Bland, 1981).  Both males and females have antennae consisting of the 

basal segment (scape), the second segment (pedicel) and the 7-segmented 

flagellum (for a total of 9 antennal segments).  In alfalfa weevil, the clubbed 9th 

segment is elongate-oval and divided into four regions delineated by constriction 

bands.  Sensory sensilla were counted by segment, and this apical club contains 

80% of the identified sensory sensilla, with approximately 10 total types of 

sensillum morphologies observed (Bland, 1981).   

In the plum curculio, Conotrachelus nenuphar Herbst, there were again 

no differences in morphologies or numbers of different types of sensory sensilla 

between the sexes (Alm and Hall, 1986).  The antennae of the plum curculio 

consist of a scape, pedicel and a 10-segmented flagellum, with the last 4 flagellar 

regions encompassing the club.  Nine types of sensilla, based on morphological 
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differences have been documented to occur on the antennae, including 45 wall-

pore sensilla (type I), 300 wall-pore sensilla (type II), 125 no-pore hairs (type 

III), 1500 wall-pore sensilla (type IV), 26 terminal-pore sensilla (type V), 80 no-

pore hairs (type VI), 5 pegs, 7 campaniform sensilla and multiple cuticular 

openings (Alm and Hall, 1986).   

The pecan weevil, Curculio caryae Horn, has also been examined with 

SEM images to document class, type, number, length and distribution of sensory 

sensilla on the antennal club (Hatfield and Frazier, 1976).  The elongate-oval 

antennal club of the pecan weevil consists of 3 segments whose entire surface is 

densely covered with sensilla.  There are seven types of sensilla identified and 

separated based on morphological differences, including trichodea (type I, II), 

basiconica (type I, II, III, IV) as well as styloconica (type I).  All types of sensilla 

were found on both males and females with their total numbers estimated at 1467 

(males) and 1491 (females).  All sides of the antennal club contain the same 

number and type of sensilla (as measured dorsally and ventrally), though each of 

the three segments of the club contained different numbers, types and 

arrangements of sensory sensilla (Hatfield and Frazier, 1976). 

 
Chemical Ecology in Plant-Insect Systems 

 
 
Plant-Insect Interactions 
 

About 360 million years ago, around the time the Devonian era was giving 

way to the Carboniferous, the first seed-bearing plants arose.  Since that time the 

gymnosperms (plants with exposed seeds) and angiosperms (flowering plants) 

have become the most diverse, numerous and widely distributed group of plants 
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on the planet (Starr and Taggart, 2001).  Perhaps not coincidently, the immense 

evolutionary radiation of insects also started around 360 million years ago.  

Several individuals in the scientific community have theorized that the evolution 

of seed-bearing plants has enhanced the rate of insect evolution and vice versa 

(Ehrlich and Raven, 1964; Strong et al., 1984).  More recent research into this 

hypothesis that the interactions of insects and plants fuel the rapid evolutionary 

radiation of both of these groups has been conducted with phylogenetic testing.  

For example, Farrell (1998) demonstrates that phytophagous beetle lineages that 

feed on angiosperms have considerably higher rates of diversification than any 

other taxa (even including those that feed on gymnosperms).  Given that over half 

of the identified beetles are phytophagous, and that nearly all identified weevil 

species are as well, it seems reasonable to conclude that the impressive diversity 

observed in Curculionidae is related to the success of flowering plants, and in fact 

this is supported by Farrell (1998), who states that the most successful insect-

angiosperm interactions involve the beetle superfamilies Chrysomeloidea and 

Curculionoidea as measured by their species-richness. 

 The coevolution of plants and insects can be observed today through many 

interactions in nature, including pollination, seed dispersal, herbivory, and plant 

defenses.  While some of these behaviors could be classified as mutualistic (e.g. 

insect pollination), many of the plant-insect interactions currently studied in 

science represent an arms race between plant host and insect herbivore (Starr 

and Taggart, 2001; Chapman, 1998; Crock et al., 1997).  Curculionidae, because 

of their almost exclusive preference for specific plant host genera, offer an ideal 

candidate for studying these plant-insect interactions and more specifically, 
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studies into host-location and host-acceptance.  While several insect groups can 

rely heavily on sight (e.g. Hymenoptera: Apidae) or sound (e.g. Orthoptera: 

Acrididae) for the finding of food or mates, other insect groups seem to be almost 

entirely dependent on olfaction (e.g. Isoptera: Termitidae) (Chapman, 1998).  In 

the case of the American chestnut weevils and many other plant feeding insects in 

Curculionidae, odor cues are a dominant resource utilized for both host-location 

and mate-finding (Eller et al., 1994; van Tol and Visser, 2002; Bruce et al., 2005; 

Szendrei et al., 2009), thus chemical ecology is a discipline that can often be used 

to examine these interactions. 

 In studies of beetle aggregation, such as the mountain pine beetle (MPB), 

Dendroctonus ponderosae (Curculionidae: Scolytinae), certain volatiles 

generated by the insect and some released by the plant are vital to the insect 

locating a suitable host and then overwhelming the defenses of the tree by 

attracting large numbers of its own species (which usually occurs in a tree already 

stressed by old age, crowding, poor growing conditions, drought, fire, mechanical 

damage or root disease) (Huber and Borden, 2003; Sullivan, 2005).  This insect 

is particularly attracted to ponderosa pine, but also lodgepole, scotch and limber 

pine, while attacking bristlecone and pinion pine less frequently.  Studies have 

identified insect generated volatiles that act as aggregation pheromones for MPB, 

including the compound verbenol (Pureswaran and Borden, 2003), but also 

green leafy volatiles from non-host trees that are disruptive to the search 

behaviors on this insect, such as 1-hexanol and (Z)-3-hexenol (Huber and 

Borden, 2003).   



25 
 

As early as the late 1800s, the large amounts of damage caused by the boll 

weevil, Anthonomus grandis (Curculionidae: Curculioninae) was recognized in 

the Southern United States across the cotton belt.  While pesticide use was 

generally effective when coupled with short-season, early-maturing cotton plants, 

by the 1950s the boll weevil was becoming resistant to most traditional 

pesticides.  Gast (1966) made observations of laboratory reared insects that 

suggested the role of a sex pheromone in mate location or acceptance, and by the 

end of that decade, researchers had isolated, identified and published the 

responsible four component blend (Tumlinson et al., 1969). 

 

Plant Volatile Production, Collection and Analysis 
 

Plants are constantly producing the necessary components of cellular life 

as they take solar energy from the sun and convert it through photosynthesis into 

sugars.  The basic process of photosynthesis can be summarized in the following 

equation:  

6CO2 + 6H2O + energy  C6H12O6 + 6O2 

 
Essentially, using the energy from the sun, carbon dioxide and water are 

combined into simple carbohydrates with the byproduct of oxygen (Starr and 

Taggart, 2001).  This rather simplified equation is the foundation of almost all 

plant life, and in addition to photosynthesis it is also the foundation of plant 

respiration.   Plant respiration is the breaking of carbon bonds through oxidation 

of complex compounds like carbohydrates that leads to the release of a 

considerable amount of energy.  More specifically, carbohydrates are converted 
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into pyruvic acid during glycolysis, which is then passed into the mitochondria 

where oxygen and enzymes produce high-energy phosphate compounds during 

the kreb cycle (Starr and Taggart, 2001).  Additionally, through the process of 

transpiration the plant is constantly opening and closing their stomata, which 

also release a steady amount of water vapor and other volatiles, a necessary cost 

to maintain the diffusion of the carbon dioxide and oxygen required for 

photosynthesis and respiration.  Therefore in the process of generating the 

necessary components of cellular life, plants are constantly generating and 

releasing chemical compounds into the environment (Matsui, 2006; Pichersky et 

al., 2006).  While both oxygen and carbon dioxide are non-organic volatiles, 

plants are also releasing volatile organic compounds (VOCs).  Although the 

release of VOCs is greatly increased during plant tissue damage, either by 

mechanical injury or insect herbivory, these plant volatiles are constantly being 

emitted and can be collected and analyzed using a variety of methods (Millar and 

Sims, 1998; Pichersky, et al., 2006).   

All of the following methods attempt to generate an accurate profile of the 

volatile blends being emitted by the plant; however the choice of which method to 

use is often determined by the biological problem being analyzed as well as the 

type of plant material being investigated (Millar and Sims, 1998).  The scope of 

the research objective can warrant volatile collection from plants grown in both 

laboratory and natural conditions, as physiologically and ecologically important 

plant volatiles can vary according the plants environmental conditions (Tholl et 

al., 2006).  Ideally, VOCs would be collected in situ from whole plants in the field, 

but it is not often feasible to enclose entire plant parts or organs (let alone entire 
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trees) in a natural environment.  Therefore VOCs are often sampled from either 

detached plant parts or enclosed plant organs, such as flowers (Dudareva and 

Pichersky, 2000; Deng et al., 2004), in order to minimize additional emissions of 

VOCs from other non-target plant tissues and to minimize wounding or damage 

effects (e.g. in grinding or chemical solvent extraction methods) (Millar and Sims, 

1998; Tholl et al., 2006). 

 
Headspace Sampling 
 

Though many plant volatile collection or sampling techniques use small-

scale, enclosed systems (static headspace sampling), others use more open 

systems with air flow (dynamic headspace sampling).  In either case, VOCs have 

been studied most extensively in the airspace (headspace) surrounding exposed 

plant parts, such as flowers, leaves or sections of tissues that have been damaged 

(Millar and Sims, 1998).  Headspace sampling is a non-destructive method for 

the collection of VOCs, unlike solvent extractions that can alter or damage plant 

tissues with harmful chemical reactions (Millar and Sims, 1998; Tholl et al., 

2006).  The analysis of the headspace around plant tissues can therefore give a 

more accurate and realistic picture of the volatile profile that might be emitted by 

plants and detected by insects under natural conditions.  As in all volatile 

sampling methods, the most inert materials are required to avoid contamination, 

including glass, metal and special plastics such as Teflon (which may not be 

completely inert).  Typically in static headspace sampling, plant samples are 

sealed in a glass container and lightly heated to promote volatilization of plant-

released compounds before a small sample of the headspace is collected using a 
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gas-tight syringe.  This sample can then be injected into an analytical device for 

identification of any VOCs.  Headspace sampling can be advantageous in 

determining concentrations of very volatile compounds such as ethylene, or for 

analyzing and measuring VOCs from very low-emitting plant tissues, as 

concentrations of volatiles accumulate in the enclosed space (Millar and Sims, 

1998; Beck et al., 2008).  However, static headspace is also prone to stressful 

condition on plant tissue, such as increases in temperature and humidity, or 

accumulations of harmful volatiles (Harborne, 1998; Tholl et al., 2006).  

Dynamic headspace sampling (with constant flow of air through the system) or 

closed-loop systems can also be used for sampling VOCs, though they require 

more equipment and often longer time frames for collection than static 

headspace sampling.  Dynamic headspace is arguably the most used technique 

for all areas of plant volatile collection and analysis (Millar and Haynes, 1998).  

Usually a collection device that uses an absorbent powder like a volatile collection 

trap (VCT) or one that uses an absorbent fiber like solid phase microextraction 

(SPME) can be utilized to sample the airspace around the plant.  Many dynamic 

headspace sampling techniques will use a push, pull or push-pull system for air 

delivery; though push-pull is ideal as measurements related to quantitative VOC 

analysis can be made more readily from information regarding the volume of air 

being sampled per unit time, and environmental conditions such as pressure and 

humidity are kept relatively constant over long collection periods (Tholl et al., 

2006; Beck et al., 2008). 
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Solid Phase Microextraction (SPME) 
 

A more recent and important advance in headspace sampling is called 

solid phase microextraction (SPME), which can be a very fast and easy method 

for qualitatively identifying plant-released VOCs (Millar and Sims, 1998; Song et 

al., 1997).  The SPME methodology uses a coated fiber for the absorption and 

desorption of volatiles within a headspace, and it is valued for its rapid and 

simple sampling of virtually any odor source.  This fused silica fiber is housed 

within a protective metal syringe that can be used to puncture the thin septum 

top of an enclosed vial or glass container, and once the syringe is through that 

septum, the absorbent fiber is exposed by pushing down on the plunger.  After a 

short duration of allowing the fiber to reach equilibrium within the sample 

headspace, the fiber can be retracted into the syringe needle sheath, and the 

syringe removed from the vial.  This sample can then be injected into an 

analytical device.  SPME fibers can be used hundreds of times to sample the 

headspace around plant tissues, and are cleaned by thermal desorption between 

usages (Millar and Sims, 1998).  The use of high temperature thermal desorption 

of VOCs from the fiber eliminates the need for any solvent-based extraction, 

which is an advantage as solvents can contain impurities or can potentially 

chemically interfere with the sample (Millar and Sims, 1998; Schulz, 2005; Tholl 

et al., 2006).  Several different types of fiber coatings are available, and each one 

selectively absorbs various compounds based on polarity, molecular size and 

volatility.  Some of the different commercially available coatings (Supelco, 

Bellefonte, PA) include polydimenthylsiloxane (PDMS), polyethylene glycol 

(PEG), polyacrylate, Carbowax-divinylbenzene (CAR-DVB) and Carboxen-



30 
 

polydimethylsiloxane (CAR-PDMS).  Fiber thickness can also vary, and thicker 

fibers can collect more VOCs per sampling (though molecular weight and boiling 

point also contribute to the amount absorbed), which may be important to 

consider as larger amounts of sample may be necessary for the accurate analysis 

of less volatile compounds of interest (Millar and Sims, 1998).  Longer exposure 

times can also contribute to increased sample collection, though prolonged 

exposure can bias the amount of a particular compound absorbed on the SPME 

fiber.  Thus sampling with SPME often involves several iterations of exposure 

length (i.e. 30 second, 5 minutes, and 20 minutes) to create the most accurate 

VOC profile of major and minor components.  Shorter duration exposures will 

yield realistic analysis and identification of major volatile components in the 

plant VOC profile, while longer duration exposures can aid in identifying less 

prevalent components.  The SPME methodology is very good for relatively short 

duration exposures or relatively quick sampling of volatiles, for example if 

looking for overall VOCs, time-dependent changes in VOCs or snap-shots of 

volatile release over the course of an hour or day (Millar and Sims, 1998; Tholl et 

al., 2006).  This equipment is highly portable, it works for the collection of a very 

wide range of VOCs and can be used to sample in the field (Beck et al., 2008), 

though its high sensitivity can make it prone to absorbing many non-target VOCs 

from the environment if not used in a tightly enclosed or restricted system (Millar 

and Sims, 1998).  The fibers are durable and its uses are quite variable, as it can 

be held in close proximity to flowering plants in the field or gently wiped over the 

exposed sex glands of insects.  It also works very well for extremely tiny insects, 

as large numbers of sex glands might need to be painstakingly removed to 
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synthesize a pheromone, where only a few SPME exposures to calling females 

might yield the same identification results much faster and easier.   

One disadvantage of SPME is that each volatile collection is lost to thermal 

desorption, and no repeated injections of that absorbed VOC sample are possible.  

Additionally, SPME (specifically the PDMS fiber) is not very good at binding 

highly volatile or low molecular weight compounds, such as green leafy volatiles, 

nor is it very good for quantitative analysis as many factors control the selective 

binding of the amount of VOC compounds to the fiber (Millar and Sims, 1998).  

Lastly, SPME only provides enough material for analyzing trace components, 

thus its primary value is a sampling tool for known compounds or for compounds 

with relatively simple chemical structures.  It provides enough sample material 

for GC, GC-MS, GC-FTIR and GC-EAD, but does not provide the volumes of 

sample material necessary for bioassay or fractionation (Tholl et al., 2006). 

 
Volatile Collection Trap (VCT) 
 

While SPME works very well at rapid, small volume sampling of VOCs, the 

use of volatile collection traps (VCTs) can aid in gathering longer duration, larger 

volume samples that are more ideal for use in bioassays or fractionation.  Rather 

than a static, closed system, VCTs use an aeration design that moves a steady 

volume of air per minute over the sample and through an absorbent powder such 

as Tenax GC (from Alltech), or PorpakQ/SuperQ (from Supelco) (Millar and 

Sims, 1998).  Both of these absorbent powders were designed for packed gas 

chromatography (GC) columns, and have been shown to work equally well at 

volatile collection (Schaefer, 1981).  In either case, the powder is conditioned by 
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heating at 2000 C for 24 hours.  Premade VCTs are commercially available such 

as those from Analytical Research Systems (ARS, Gainsville, FL). 

The VCT can be used in conjunction with a lightly sealed Teflon bag 

(Terinex bags, Terinex Ltd., England) or another chemically inert container that 

is placed over the desired plant tissue, such as over a flowering body or set of 

leaves.  A vacuum pump pulls air at a steady rate through the VCT from the bag 

enclosing the plant, thus making quantitative analysis much easier given the 

known volume of air used per unit time (Millar and Sims, 1998).  Long exposures 

that can span hours, days or even weeks, and can be achieved using unattended 

VCTs.  Moreover, by using VCTs, large volumes of plant odors can be collected 

and not just sampled.  While the standard VCT uses about 30 mg of absorbent 

powder, the amount of powder can be varied depending on the polarity and 

volatility of the compounds being sampled, as well as the flow rate, volume of air 

being sampled and the temperature or climate of the system (Millar and Sims, 

1998).  Once the allotted length of exposure time is completed, the VCT is taken 

out of the system and rinsed repeatedly with small volumes of solvent to remove 

the collected volatiles that were trapped in the absorbent powder (not unlike 

small-scale liquid chromatography).  Because VCTs are relatively inexpensive 

compared to SPME fibers, they tend to be used only a few times before they are 

disposed (Tholl et al., 2006).  The absorbent powder is also more prone to the 

buildup of artifacts from previous sampling than SPME fibers (Millar and Sims, 

1998).  However, VCTs generally provide the most natural conditions of VOC 

collection, as the whole plant part is easily sampled without stress, damage or 

cutting of plant tissue (a usual requirement in headspace sampling and SPME).  
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Thus simple yet accurate field studies can be conducted at very low expense, as 

these VCTs act with battery operated aeration chambers for plant or insect 

volatile analysis (Tholl et al., 2006).   

VCTs are also very good at collecting a wide variety of compounds, 

including highly volatile ones such as green leafy volatiles (GLVs), and therefore 

this sampling technique is often associated with leaf damage studies using insect 

herbivores (Collins et al., 1997; Jurgens et al., 2000; Dudareva et al., 2004).  

These VCTs are also ideal for collecting from organisms that are expensive or 

rare, as the same collected sample yields high volumes of compounds for analysis 

or for repeated use in bioassays and fractionation (Millar and Sims, 1998).  One 

of its major weaknesses though is the prep time it takes to solvent rinse the 

collected volatiles carefully and accurately, as well as the inherent risk of solvent 

interference with chemically unstable volatiles (Tholl et al., 2006). 

 
Thermal Desorption (TD) 
 
 A modern variation of the aforementioned volatile collection techniques 

consists of collecting (or thermally desorbing) compounds onto an adsorbent 

cartridge by aeration, with the cartridge purged with dry inert gas to remove 

water, then thermally desorbed directly into the gas chromatograph (GC).  This is 

called short-path thermal desorption (TD), or when combined directly with the 

GC or GC-MS, the method is known as purge-and-trap analysis.  Though 

primarily used in food and water quality analysis (Millar and Sims, 1998; 

Nakamura and Daishima, 2005), its application to chemical ecology is becoming 

more common with several commercial units available (for example, Supelco, 
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Scientific Intrument Services, Perkin-Elmer).  Millar and Sims (1998) discussed 

the important considerations regarding sample degradation and the generation 

of artifacts that can occur with any method using thermal desorption, though 

these considerations are not very different from any methodology using common 

absorbents as with volatile collection traps (VCTs).  However, one strong 

advantage of TD is that it is a solventless extraction.  This method also offers high 

sample capacity with high sensitivity (Millar and Sims, 1998).  

 
Gas Chromatography 
 

The modern gas chromatograph (GC) was developed in the 1950s, but the 

overall design of the GC has been constant since the 1960s.  The basic 

components of a GC consist of the controlled flow of a carrier gas, an injection 

port to place a sample, a temperature controlled oven, an analytical column and a 

detector with recording capabilities.  In essence, a GC is a chemical analysis tool 

that is used to separate the many chemical compounds in a complex mixture 

(Huber and Dueben, 1998; Hubschman, 2009).  In GC separations, compounds 

within an injected sample are partitioned between an inert carrier gas (called the 

mobile phase, which only functions to move the sample through the length of the 

column) and a specialized coating on the inner surface of the column (stationary 

phase).  The retention time, or time it takes the individual compounds within a 

sample to reach the detector, will vary according to the individual compounds 

volatility and interactions between its chemical functional groups and those of 

the stationary phase or inner coating of the GC column (Huber and Dueben, 

1998; Hubschman, 2009).  These interactions between the sample compounds 
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and the column lining can include Van der Waals non-polar interactions, dipole-

dipole interactions, hydrogen bonding, and interactions between aromatic rings 

(Huber and Dueben, 1998).   

Gas chromatography (GC) is the predominant choice for the separation of 

volatile organic compounds (VOCs) and the initial analysis of those compounds.  

Heath and Dueben (1998) listed five reasons for the GC being the most widely 

used method for VOC analysis.  First, a capillary GC offers a relatively high 

resolution, with the capability to separate hundreds of compounds in a single 

run.  Second, a GC is clean, simple, fast, robust and inexpensive while requiring a 

minimum of training to operate successfully.  Third, only small amounts of a 

sample are needed for detection (as little as 10-100 picograms) and all 

compounds can be detected within a mixture.  Fourth, retention times are highly 

reproducible between runs, between different GC manufacturers and between 

laboratories, making the resulting analysis from GC quite universal.  Lastly, a GC 

has few moving parts, with few things to wear out, thus allowing long-term usage 

of a decade or more with very little maintenance. 

When using a GC for VOC analysis in chemical ecology studies, samples 

can either be injected as a solvent extract (liquid) or through a heated volatile 

desorption from an absorbent material (like SPME fibers).  The GC will typically 

separate the volatiles along a fused silica capillary column, which is a small glass 

tube (0.2 – 0.7 mm ID) with extensive length (25-100 meters) (Huber and 

Dueben, 1998).  The inner diameter (ID) of a column should be chosen based on 

the consideration of several factors, including column efficiency, sample capacity, 

the range of concentrations of analytes, and sensitivity.  Smaller ID columns 
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provide the best efficiency and sensitivity, but they also have limited capacity and 

require very low flow rates.  Larger ID columns provide larger sample capacity, 

but decreased resolution and sensitivity.  The same types of advantages and 

disadvantages exist for selecting column length as well, thus the most common 

columns are intermediates of 20-30 meters in length, with 0.2-0.3 mm inner 

diameter (Huber and Dueben, 1998).   

As the volatilized sample and carrier gas (mobile phase) travels through 

the thin capillary column (stationary phase), the sample material and the walls of 

the column interact resulting in a distinct retention time (time to reach the 

detector) for each of the volatilized compounds within the sample (Hubschman, 

2009).  This creates a repeatable retention time index for all the compounds 

within an injected sample, not unlike recording the finishing times of runners 

within a marathon.  Several different columns are available, usually distinguished 

by their polarity (Huber and Dueben, 1998).  For example, there are the non-

polar dimethyl polysiloxane GC columns (e.g. DB-1, DB-5) and the more polar 

polyethylene glycol polymer columns (e.g. Carbowax, DB-Wax, HP-20M).  By 

utilizing different columns, confirmation of the separation of all individual 

compounds can be more accurate, and co-eluting compounds can be further 

separated.  This is because individual compounds will not react the same way 

across the differing column polarity and thus not have the same retention time 

across both non-polar and polar GC columns, further aiding in their separation 

and subsequent identification (Huber and Dueben, 1998; Hubschman, 2009).   

The ideal carrier gas for a GC should be non-reactive, non-toxic, non-

flammable and inexpensive.  The three most commonly used carrier gases are 
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hydrogen, helium and nitrogen, though each has advantages and disadvantages.  

For example, nitrogen provides very good chromatographic efficiency, but the 

drawback is that it requires very slow flow rates (10cm/s) and thus involves very 

long retention times and prolonged trial runs (Huber and Dueben, 1998).  This 

slow flow rate requirement also causes samples within the column to be in the 

heated oven for long durations, which increases the possibility of thermal 

degradation.  Another commonly used gas, hydrogen, is also inexpensive and has 

excellent properties as a carrier gas.  It works very well for large molecules with 

limited volatility, and for long columns due to its low viscosity and higher flow 

rate capabilities (40cm/s).  The main disadvantage of hydrogen is its extreme 

flammability, so all connections must be constantly checked for leaks, and often 

requires a build-in leak detector for safety (Huber and Dueben, 1998; 

Hubschman, 2009).  The third commonly used carrier gas is helium, and it 

represents a good compromise between nitrogen and hydrogen.  It is more 

expensive than the other two, but it is not explosive and requires only an 

intermediate flow rate (20cm/s).  The chromatographic efficiency of helium 

decreases slowly with increasing flow rate, and these faster flow rate capabilities 

have several advantages (Huber and Dueben, 1998).  For example, fast flow rates 

transfer the sample from the injector to the column more quickly, minimizing the 

time in the hot injector and minimizing the loss of sample.  The faster flow rates 

also minimizes the time a sample is heated in the oven (which again reduces the 

chances of thermal degradation), and also result is faster GC runs for more rapid 

sampling and identification of materials.  Thus overall, helium is the current 

carrier gas of choice, as it provides good resolution over wide temperature ranges, 
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it is completely inert, and it is non-flammable (Huber and Dueben, 1998).  Its 

only disadvantage is its higher cost, though many GCs allow flow rates to be 

minimized when a sample run is not in progress. 

The majority of GC detectors used in chemical ecology research are flame-

ionization detectors (FIDs).  FID detectors have good sensitivity, are robust, 

reliable and require little maintenance (Huber and Dueben, 1998).  While they do 

burn and destroy the sample during detection, FIDs are best for detecting 

hydrocarbons and other easily flammable components within a sample.  

Additionally, FIDs are insensitive to H2O, CO2, CS2, SO2, CO, and NOX gases 

because these cannot be ionized by the flame (Huber and Dueben, 1998; 

Hubschman, 2009).  This enables FIDs to be used to study samples that may be 

slightly contaminated or of a complex, raw mixture from natural products.  Some 

other detectors might be damaged by impurities or highly concentrated 

injections, but the FID is rugged and good for initial separation of raw materials 

from collected samples (Huber and Dueben, 1998).  Another common detector 

used in chemical ecology involves mass spectrometry (MS). 

 
Mass Spectrometry 
 

In general, mass spectrometry (MS) is an analytical method to ionize and 

fragment a compound or a series of compounds in a mixture, and to then 

separate these ions on the basis of their mass-to-charge ratio, with the relative 

abundance of each ion recorded in a spectrum for each compound (Hubschman, 

2009).  Moreover, when coupled with a gas chromatograph (GC), total ion 

chromatograms are generated that provide information on the retention time of 
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each compound in the sample as well as its mass spectrum consisting of a unique 

ion fragmentation pattern (Tholl et al., 2006; Hubschman, 2009).  This unique 

or characteristic fragmentation pattern acts in a similar manner to human finger 

prints, in that each compound that enters the MS will have a unique or signature 

fragmentation pattern.  MS is used for two main purposes in chemical ecology.  

First, if the compound being studied is already known and their mass spectrum is 

also known, then the MS becomes an unrivaled analytical tool in terms of its 

sensitivity and specificity for confirming the presence of a given compound in a 

complex sample (Webster et al., 1998).  The other major usage of MS in chemical 

ecology is in studies with completely unknown or novel compounds where 

chemical structure and identification is of interest.  In this case, MS can be the 

most efficient and easy way to provide crucial structural information about the 

unknown compound based on its fractionation pattern (Webster et al., 1998).   

The MS instrument is composed of three parts, an ion source (that in the 

case of use with a GC, ionizes the gas phase molecules of the sample into separate 

ions), a mass analyzer (that sorts the ions by their masses), and a detector (that 

records the charge or current when an ion passes by or hits a surface) 

(Hubschman, 2009).  Often in chemical ecology, a GC is used to separate the 

sample into the various volatile compounds, which are then passed to the ion 

source for ionization within the MS.  The mass analyzer is used to separate the 

mixture of ions based on individual masses to obtain the characteristic 

fractionation pattern per compound.  There are several types of mass analyzers, 

including magnetic sector, quadrupole, ion-trap, time-of-flight, and Fourier 

transform mass spectrometers.  In addition, MS detectors can be run in tandem 
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to produce an instrument capable of selecting a single ion in the first MS, which 

is then further fragmented and analyzed by the second MS (e.g. GC-MS-MS) 

(Webster et al., 1998; Hubschman, 2009). 

As suggested above, combining a GC with a MS (GC-MS) offers a strong 

analytical tool for compound separation and mass spectrum information.  

Another strong candidate would be liquid chromatography mass spectrometry 

(LC-MS), which can work well for metabolites that are not easily volatilized 

(Tholl et al., 2006).  While similar to GC-MS in that a LC-MS also separates 

compounds before they are introduced to the ion source through 

chromatography, in LC-MS the mobile phase is a liquid (as opposed to the gas 

mobile phase in GC-MS) and is usually composed of water and organic solvents.  

While GC-MS works well for essential oils, esters, perfumes, terpenes, waxes, 

volatiles, caretenoids, flavenoids, and lipids, LC-MS would be a good procedure 

for testing organic acids, organic amines, nucleosides, nucleotides, ionic species, 

and polyamines.   Both GC-MS and LC-MS offer strong identification of alcohols, 

alkaloids, amino acids, fatty acids, phenolics, polar organics, and steroids.  One 

other notable difference is that GC-MS can yield predictable and repeatable ion 

fragmentation patterns, which allows the generation of impressively large 

spectral libraries (e.g. NIST, NIH) (Hubschman, 2009).  These libraries provide 

searchable databases for previously studied compounds, and are reliable 

matching strategies for new samples, as any laboratory can repeat the retention 

time and mass spectral information regardless of equipment manufacturer 

(Webster et al., 1998).  However, only electron-impact ionization (EI) mass 

spectra can be cataloged and searched in this manner, thus many researchers 
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select EI mass spectral analyzers for their MS as the associated libraries can be 

easily purchased and can include over 100,000 identified compounds for 

reference.  It is also important to mention that to accurately confirm the 

identification of a particular compound, there is no substitute for the comparison 

with an authentic standard, thus even with a strong library match further steps 

are required to identify each compound (Webster et al., 1998). 

In general, the mass spectrum is often the first piece of data obtained 

when beginning to identify a compound for several reasons.  First, the amount of 

sample required for MS is relatively small (1 nanogram to 1 microgram).  Second, 

because MS is often coupled with a GC, the mass spectrum can often be obtained 

before a pure sample of the new compound is fully isolated from other 

components in a sample (Webster et al., 1998).  Mass spectra can also yield a 

wide variety of information about the compounds of interest.  For example, in 

compounds containing C, H, O, or N, and if the molecular weight is odd, then the 

compound must contain an odd number of nitrogen atoms.  If the molecular 

weight is even, then the compound must contain either zero or an even number of 

nitrogens (this is known as the nitrogen rule).  Another example is that when an 

EI spectrum contains a large molecular ion, this usually indicates a more compact 

or aromatic structure (Webster et al., 1998; Hubschman, 2009).  However, while 

mass spectra can be used to generate useful pieces of information about chemical 

structure of unknown compounds, a more powerful analytical structural device 

such as NMR is often needed to confirm and enhance that information in 

unknown or novel compound identification. 
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Insect Behavioral Bioassays 
 

 
A definition of chemical ecology would be the study of the structure, 

function, origin and significance of naturally occurring compounds that mediate 

inter- and intraspecific communication between organisms (Haynes and Millar, 

1998).  Moreover, the focus of chemical ecology is to understand the role of these 

semiochemicals in their natural conditions, and their association with the 

interplay and communication that controls observed ecological phenomena.  

While disciplines such as pharmacology use similar methods to identify the 

chemistry of plants and other organisms, they also seek to identify uses outside of 

their natural context, for example, the screening of natural compounds for use in 

medicine or commercial products (Haynes and Millar, 1998).  Therefore, 

chemical ecology is distinct from other similar disciplines that analyze chemicals 

found in nature, and as such, this area of research has developed a multitude of 

specialized methods for handling various characteristic problems associated with 

identifying and studying the role of natural compounds in an ecological setting 

(Haynes and Millar, 1998).   

Some of the noteworthy problems that are faced in chemical ecology would 

include the fact that this discipline attempts to identify compounds associated 

with a natural environment, thus procedures used to qualify and quantify such 

emitted chemicals must also include using appropriate conditions during 

collection (Tholl et al., 2006).  Another important problem is that most 

semiochemicals need to be identified from rather small quantities of material (a 

few micrograms or less), and techniques have been developed to obtain the 
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maximum amount of information from a minimal amount of sample (Hare, 1998; 

Tholl et al., 2006).  It is also valuable to remember that the methods and results 

of the chemistry side of this discipline should not be separated from the 

importance of the behavioral and biological sides, as there is an inseparable link 

between these two types of information in chemical ecology studies (Haynes and 

Millar, 1998).  

The identification of chemicals that affect naturally occurring interactions 

among or between species requires sophisticated chemical techniques in 

combination with effective bioassays.  Finch (1986) defined a bioassay as “an 

assay in which the detector is a living organism or part of its sensory system.”  

For example, such an assay is the basic tool required in assessing the biological 

activity of behavioral stimuli used during host or mate finding, and the design of 

this type of assay should be based on the observations of the interactions between 

organisms in their natural environment.  Without an effective bioassay, the 

identification of important compounds relevant to a particular behavior would be 

nearly impossible, as plant hosts for example release hundreds of compounds 

into the environment, though only a small subset might be received and reacted 

upon by an insect looking for a suitable host.  Therefore a good bioassay begins 

with a strong foundation of biological and ecological knowledge of the natural 

history of the organisms being studied, as this can provide a head start in the 

process needed to identify the chemistry that is the key to understanding a 

particular biological interaction.  In addition, given such an understanding of 

natural phenomena, it is often possible then to develop assays that are both 

statistically and ecologically relevant (Hare, 1998).   
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Since bioassays are often based on observed natural phenomena, the 

methods can be as diverse as the organisms being studied.  However, there is 

much to be gained by reviewing the bioassays developed and used by previous 

investigators.  It should also be mentioned that separating the behavioral side of 

a study from the chemical or physiological side can be difficult, and most 

researchers combine both sides into a single study (Hare, 1998). 

When any new plant-insect interaction is to be examined, several steps 

usually occur in the research (Hare, 1998).  The first step involves identifying 

detection behaviors exhibited by insects such as changes in speed of movement 

(orthokinesis), rate of turning (klinokinesis), or a more directed behavior (taxis) 

towards or way from a stimulus.  These initial observations are crucial to 

understanding the ecological significance of an interaction as they often come 

from observing plants and insects under natural conditions, and they provide a 

starting point for breaking down the components that influence the behavior.  

Once a behavior is observed, the second step generally involves identifying larger 

key elements, such as plant organs (e.g. leaves, flowers), insect conspecifics (e.g. 

males and/or females of the same species) or other organisms and raw materials 

(e.g. other insects, feces, oral secretions).  The third steps involves the further 

fractionation or separation of compounds within a complex mixture such as a 

floral odor in order to test for the level of importance of each compound in the 

control of the behavioral response.  Lastly, the compound or compounds are 

tested for optimum effectiveness ratios in controlled laboratory conditions and 

then in nature.   Each one of these steps has a heavy dependence on proper 
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bioassays for testing, though the methods for the individual steps may vary 

(Hare, 1998). 

 
Y-tube Olfactometer 
 

Most behavioral bioassays represent choice based trials, where an insect is 

presented with two or more competing stimuli and preferences are measured by 

which of the stimuli the insect selects.  In the case of odor stimulants, the 

equipment is known as an olfactometer, and volatile materials are used as 

treatments to determine insect attraction or repellency.  An olfactometer can take 

on many forms, such as custom built enclosed arenas (see Kendrick and Raffa, 

2006; Ranjith, 2007) or a more standard, commercially available system 

(Analytical Research Systems, Gainsville, FL).   In general, olfactometers can be 

divided into two groups, those that use moving air to deliver an odor stimulus, 

and those that do not (Baker and Carde, 1984).  In bioassays that do not require a 

moving air stream, the volatile treatment is regarded as an emitter and 

movement towards or away from the epicenter of that treatment is observed and 

recorded in terms of a response to a volatile diffusion gradient.  Often these still 

air bioassays are conducted with simple materials, such as a petri dish or another 

small enclosure.  In the case of bioassays that utilize moving air steams, a 

controlled air movement of uniform strength and direction must be achieved 

from trial to trial and thus this type of bioassay usually requires more 

sophisticated equipment (Hare, 1998).  The most commonly used olfactometers 

that utilize moving air are Y-type or Y-tube designs, which are named after their 

appearance or “Y” shape.  In the case of this type of olfactometer, two odor 
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plumes are moved down the arms of the Y-tube with an air current, and those two 

plumes combine in a central arm that an insect is released into.  Therefore, when 

an insect moves up the central arm and reaches the point where the Y-tube arms 

branch out, the insect must select only a single odor stream to follow, and once 

moving up a particular arm, the insect will have made a recordable choice.  

Regardless of the type of olfactometer used, the experimental design of the 

behavioral bioassay will determine through replication the insect preference 

between the two or more treatment odors in the absence of other potential 

exogenous sources of variation, such as light, temperature, or humidity (Hare, 

1998).   

In Curculionidae (and with most beetles), olfactometers are favored over 

wind tunnels for behavioral bioassays because of either poor flight ability or an 

unwillingness of these insects to engage in flight (Hare, 1998; Chen et al., 2006; 

Keesey, 2007).  In addition, Y-tube olfactometers or other lengthened, enclosed 

tube designs are more ideal for the observation of walking or running 

movements.  In fact, most of the behavioral bioassays reported in the recent 

chemical ecology literature related to weevils have been conducted with Y-tube 

designs (Ruiz-Montiel et al., 2008; Wee et al., 2008; Addesso et al., 2009; Leskey 

et al., 2009; Szendrei et al., 2009; Mutis et al., 2010).   

The methods for containing and releasing the treatment odors in bioassays 

can be quite variable.  Some investigators favor whole potted plants or large scale 

glass chambers to serve as the volatile source (Leskey and Wright, 2007; Addesso 

and McAuslane, 2009), other researchers favor cut, crushed or partial plant 

material (Collins et al., 1997; Harari and Landolt, 1999; Kendrick and Raffa, 
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2006) while still others prefer individual compounds that are often diluted in a 

solvent (Gunawardena et al., 1998; Wee et al., 2008).   It should be mentioned 

though that many of the odor delivery choices for experiments are dependent on 

previous research, and most novel plant-insect systems start with natural plant 

materials and move towards individual or synthetic compounds as more is known 

about a particular plant-insect relationship.  For example, the initial chemical 

ecology research related to plum curculio, Conotrachaelus nenuphar, began with 

whole apple trees (Prokopy et al., 1999), followed by specific fruit and 

reproductive tissues (Leskey and Prokopy, 2002), and then lastly to individual 

chemical compounds (Leskey et al, 2001).  Moreover, while the type of plant 

material used as a treatment might vary over a time-based research program for a 

particular insect system, there are several other behavioral bioassay variables to 

consider as well.   

Many bioassays using Curculionidae or other Coleoptera place the 

olfactometer on an incline to encourage the natural tendency of insects to follow 

an upward path.  Typical inclines of bioassays range from 30 degrees (Addesso 

and McAuslane, 2009) to completely vertical (Kendrick and Raffa, 2006), though 

many studies simply do not mention inclination at all.  Several studies have 

reported releasing several weevils at once per trial (Budenberg et al., 1993; 

Kendrick and Raffa, 2006; Wee et al., 2008; Addesso and McAuslane, 2009).  

However, most use only a single adult in the olfactometer per trial (Harari and 

Landolt, 1997; Altuzar et al., 2007; Ruiz-Montiel et al.,2008; Szendrei et al., 

2009; Mutis et al., 2010).  More specifically, in experiments with Y-tube 

olfactometers, most investigators used a single weevil, but those researchers 
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using custom made or multi-chambered arenas were much more likely to use 

multiple adult weevils per trial.  In summary there appears to be very little 

universally consistent methodology for behavioral bioassays in regards to 

Curculionidae outside of the basic concepts of design and function.   

Regardless of the type of plant material used, or the manner in which is it 

exposed to the insect, all behavioral bioassays require a more or less “trial and 

error” approach in which most, if not all, of the possible combinations are 

conducted.  However, most plants produce hundreds of compounds, even a 20 

day old tomato seedling produces 97 different compounds (Pino et al., 2010). 

Running bioassays for each of those compounds versus a blank control (at basic 

replication levels of 10 insects per compound) would take almost one thousand 

trials, and this is without even including any comparisons between compounds or 

using multiple compounds in differing ratios.  Therefore, a more efficient way to 

screen complex volatile odors for active compounds of interest in plant-insect 

systems is the use of an electroantennogram. 

 
Electroantennography 

 

 
As discussed previously, the antennae of Curculionidae have hundreds of 

sensory sensilla, usually concentrated near the most distal, clubbed terminal 

segments (Hatfield and Frazier, 1976; Bland, 1981; Alm and Hall, 1986).  These 

individual sensilla often act as receptors for a wide variety of chemicals, many of 

which are volatile olfactory cues.  Furthermore, the antennae and their collective 

sensilla serve to funnel and capture chemical signals from the environment and 

transform those signals into an electrophysiological current, which is in turn 
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passed down the internal structure of the antennae to the ganglia inside the head.  

Electrophysiological methods that record these signals in the antennae have 

proven useful in isolating, identifying and determining the physiological and/or 

behavioral roles of semiochemicals, especially in insects, whose chemoreceptors 

are more easily accessible than many other organisms (Hedin et al., 1979; Cole 

and Amman, 1980; Bjostad, 1998). 

 
Electroantennogram 
 

The primary electrophysiological recording tool employed by chemical 

ecologists is the electroantennogram (EAG), which was first developed to study 

the antennal responses of the male silk moth, Bombyx mori, to volatiles 

associated with the female sex glands (Schneider, 1957).  While the equipment 

has advanced considerably since that time, an EAG still consists of three basic 

elements: a recording device, an amplifier and a display (Bjostad, 1998).  In 

general, an EAG functions by placing the two ends of an antenna between a pair 

of probes (recording and grounding) and the antenna is then stimulated by puffs 

of air that contain a known amount of a volatile chemical, with any resulting 

electrical signal between the two ends of the antenna recorded by the probes 

(Figure 1).  More recently, single sensillum recording (SSR) devices have been 

developed, which enable researchers to map individual sensory sensillum 

responses to an odor stimulus; however, the same basic methodology applies, 

only on a much smaller scale (Bjostad, 1998). 

Although EAG equipment has been around for over 50 years, there are 

very few publications concerning the merits of the different ways in which an 
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antenna can be connected to the EAG.  In fact, most publications refer to other 

successful methods for antennal preparation for similar species, and then simply 

modify the procedures to fit their own equipment or insect morphology.  Thus it 

appears that the details of the EAG antennal techniques are largely passed down 

through the literature. 

For example, with small insect species, the entire head is excised.  

Typically in such a case, a pulled-tip glass electrode is filled with a saline solution, 

often Ringer‟s or a Beadle-Ephrussi mixture (Ephrussi and Beadle, 1936), and is 

inserted into the foramen (the opening between the head and the thorax), then 

mounted on the recording electrode (Hibbard et al., 1997; Sullivan, 2005).  

Another pulled-tip glass electrode filled with saline solution is mounted on the 

grounding electrode, and this glass tip is broken to provide a diameter that is 

slightly smaller than the maximum club size of the antenna.  When this glass 

probe is brought in contact with the antenna, the saline solution creates a seal 

around the point of contact through capillary action, and allows a low signal to 

noise ratio in the recording of antennal stimulation (Figure 2). 

Another similar method involves the puncturing, clipping or breaking of 

the tip of the antennae and inserting a fine-tipped glass electrode (Budenberg et 

al., 1993; Guerrero et al., 1986; van Tol and Visser, 2002; Sureda et al., 2006; 

Altuzar et al., 2007).  These types of antennal preparations work very well for 

insects that have relatively uniform antennal morphology (e.g. filiform, 

moniliform, or serrate), but not very well for insects that have non-uniform 

distribution of sensory sensilla (e.g. lamellate, capitate, or clavate).  In the case of 

the clerid beetle mentioned above, only one side of the antennal club contains all 
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the sensory sensilla, thus the bare side is used to attach the glass recording probe.  

The specific aspects of the antennae are important considerations since covering 

the sensory sensilla would defeat the purposes of puffing chemical odors over the 

antennal preparation.  Thus as a general rule, it is essential to consider the 

antennal morphology and layout or grouping of the sensilla of a species when 

choosing a method for preparing an antenna for EAG recording. 

 Another methodology for preparing insect antennae for EAG recordings 

involves excising only the individual antenna, and not the entire head.  This is 

one of the most common strategies for preparation of recordings, and was used 

by the first published EAG trials on Bombyx mori, the silk moth (Schneider, 

1957).  This technique is used frequently in Lepidopteran specimens (Jonsson 

and Anderson, 1999; Backman et al., 2000; Ansebo et al., 2004; Groot et al., 

2005), though there are also examples of curculionid EAG recordings and their 

responses to volatiles using this preparation (Cross et al., 2006; Ruiz-Montiel et 

al., 2008; Szendrei et al., 2009).  Regardless of the order of insect being used, the 

excised antenna is either held between two glass probes filled with Ringer 

solution (of diameters just large enough to seal around the tip and cut end of the 

insect antenna) or the antennae is mounted between two metal electrodes using 

conductive gel. 

Overall, the most common variation of this type of preparation for insect 

antennae used for EAG stimulation involves excising a single antenna and placing 

it between a forked or two-plate designed probe.  A small drop of saline or 

electrically conductive gel is used on either side of the probe, and the two sides of 

the antenna are placed onto or into this conductive material.  This method is 
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again most seen in research focused on Lepidoptera (Bengtsson et al., 2001), and 

is more prevalent in the older literature, though it is still used for curculionid 

antennal preparations as well (Wee et al., 2008) (Figure 3). 

 The final technique often used in EAG studies utilizes whole insect 

preparations that immobilize the adult prior to attachment or insertion of the 

recording and grounding probes (Figure 4).  This technique may offer longer 

recordings per insect, as there is reduced risk of desiccation; however, this type of 

preparation can be more prone to broken connections based on any movements 

by the entrapped insect.  This method has been used for both Lepidoptera 

(Stelinkski et al., 2003) and Coleoptera (Leskey et al., 2009). 

 There are some theoretical advantages and disadvantages to using either 

the head or the entire body for antennal preparations (Bjostad, 1998).  For 

example, one advantage might be that by using large sections of the insect or the 

entire body, the antenna will stay viable much longer due to reduced desiccation 

risk, and also have potentially quicker returns to baseline by being less stressed 

with more available chemistry to clear the binding of volatile signal molecules 

(Millar and Haynes, 1998).  A disadvantage of using whole insect preparations or 

preparations with intact head structure might be the inclusion of more 

background noise or interpretive level electrical stimulations that are not related 

to the volatile stimulus directly.   It is noticeable that most papers test antennal 

responses over time frames close to one hour, thus it appears this is the agreed 

upon average time of degradation for most preparations.  The separation of 

puffed stimuli is generally no less than 30 seconds, but no more than 5 minutes 

apart, with the most common separation being 1 minute between simulations.  
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However, it should again be mentioned that no studies comparing the various 

antennal preparations using the same insect could be found in the literature. 

Lastly, it should be noted that antennae contain chemical as well as 

mechanical sensory sensilla, therefore, air puffs or stimuli that move the sensilla 

or the antennae also generate electrophysiological recordings due to that motion.  

Most researchers that mention this air response either present the data with air 

puff control measurements (Stelinkski et al., 2003; Wee et al., 2008) or apply a 

metric to reduce that baseline level of stimulation from air to zero (Szendrei et al., 

2009).  However, most papers do not even mention antennal stimulation in 

regards to air movement.  It is assumed that in such cases the authors have taken 

steps to minimize the contribution of the response to air in the evaluation process 

of chemical stimulation EAG trials. 

 
Coupled Gas Chromatography –  
Electroantennographic Detector (GC-EAD) 
 
  The power of the EAG technique is greatly increased by using it in 

association with the effluent of a GC system.  Unlike the manual puff 

methodology of the EAG alone, the GC allows the volatile signal to be first 

separated into individual compounds before being pushed by air over the 

antennal preparation (Bjorstad, 1998).  This does several powerful things.  First, 

the response to air is minimized as no harsh puffing occurs, and rather the air is 

continuously but slowly moving over antenna, allowing it to habituate to that 

level of slight mechanical stimulation creating a more well-defined baseline.  

Second, by having the GC first separate the individual compounds in a volatile 

signal, the antenna is exposed to each compound one at a time, thus making the 
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identification of active compounds easier, even those closely eluting within a few 

seconds of each other, such as stereoisomers (Bjorstad, 1998). 

 In practice, the sample injected into the GC is split, with half of the sample 

material going to a standard GC detector, such as a flame ionization detector 

(FID), while the other half is passed over the insect antenna.  By ensuring the 

lengths of the high resolution gas chromatography column are the same between 

the FID and the insect antenna, the two signal compounds will overlap in time 

(Bjorstad, 1998).  Thus as the FID responds to the presence of a compound, the 

antenna is also being exposed at the same moment, thereby syncing the two 

events in time.  The data recorded during a GC-EAD trial can therefore be used to 

quickly determine the retention time of active compounds, based on visual 

inspection of the two simultaneous events (FID and EAG responses).  For 

example, Figure 5 shows two simultaneous recordings, with the upper line 

representing the EAG (antennal preparation) and the lower line the FID 

(separated compounds).  The authors of this example study (Wee et al., 2008) 

have marked the compounds of interest as one through nine.  Notice in this case 

the very large amount of compound 1 recorded by the FID, but the non-existent 

EAD response.  Contrast that to compound 2, which has a smaller amount but a 

very large EAD depolarization event.  Therefore in summary, the combination of 

GC and EAG technologies enable rapid identification of compounds of interest, 

even in complex mixtures of compounds within a volatile signal.  However, it 

should also be considered that physiological responses do not always match 

behavioral responses, and further bioassays are required to determine if a 

compound is an attractant, a repellent or is not ecologically important.
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Figure 1:  Representative example of electroantennogram (EAG) signal output 
(top line) measuring the amplitude (mV) of depolarizations caused by olfactory 
sensory neurons in the antennae of an insect to volatile stimuli contained in puffs 
of air (vertical lines at the bottom of the figure indicate time when air puff was 
applied) across the antennae.  
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Figure 2: Examples of excised head used in the mounting of insect antennae to 
obtain EAG recordings (or voltage depolarizations). (A) Top diagram taken from 
Syntech manual, (Electroantennography: a practical introduction) (The 
Netherlands)(www.syntech.nl).  (B) Bottom image shows head of Coeloides 
pissodis (Hymenoptera: Braconidae) (courtesy of Dr. Brian Sullivan at 
www.srs.fs.usda.gov/idip/spb_ii/gcead_antennal.html)  

http://www.syntech.nl/
http://www.srs.fs.usda.gov/idip/spb_ii/gcead_antennal.html
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Figure 3: Examples of using excised antennae mounted to obtain EAG 
recordings (or voltage depolarizations). (A) Top diagram taken from Syntech 
manual, (Electroantennography: a practical introduction) (The 
Netherlands)(www.syntech.nl).  (B) Bottom image shows a single excised 
antennae from the lesser chestnut weevil, Curculio sayi, held between two glass 
probes (I. Keesey, unpublished). 

http://www.syntech.nl/
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Figure 4: Example of whole insect immobilized in the mounting of insect 
antennae to obtain EAG recordings (or voltage depolarizations).  Diagram taken 
from Syntech manual, (Electroantennography: a practical introduction) (The 
Netherlands)(www.syntech.nl).  

http://www.syntech.nl/
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Figure 5: Representative GC-EAD recording.  Bottom line shows flame 
ionization detector (FID) data indicating the separated compound peaks from a 
volatile mixture, and the top line represents the simultaneous response of EAG 
trace from the antennae being stimulated and the level of responsiveness to each 
separate volatile compound (amplitude) (recording from Wee et al., 2008)  
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CHAPTER III: 
IDENTIFICATION OF CHESTNUT VOLATILES 

 
 
 

Introduction  
 

The interactions of plants and insects can be observed today through many 

behaviors in nature, including those that are seemingly mutualistic (i.e. 

pollination) and those that represent an arms race between plant hosts and insect 

herbivores.  The latter of these evolutionary interactions between plants and 

insects can often result in the reduced diversity of generalist herbivores and in 

exchange, an increased number of specialists (Strong et al., 1984).  Although the 

American chestnut (Castanea dentata) was decimated by a fungal blight in the 

early 20th century, commercial nut production has been on the rise in the United 

States since the introduction of the blight resistant Chinese chestnut (C. 

mollissima) (Fulbright, 2003; Hunt et al., 2006).  With the expanding range of 

commercially grown chestnuts, the incidence of native pests is also on the rise 

(Keesey and Barrett, 2008); however, little is known about the host plant 

volatiles of chestnut or the methods by which specialist insects use them to locate 

the host tree from large distances.      

Several aspects of chestnut chemistry have been studied previously, 

including the analysis of volatiles from wood for use as wine aging barrels (de 

Simon et al., 2009), the effects of roasting on Swiss and French chestnut 

chemical composition and quality (Kunsch et al., 2001), the flavor odors in 

roasted Italian chestnut (Krist et al., 2004), the chemical composition and 

mineral content of Turkish chestnut (Yildiz et al., 2009), the blossom fragrances 
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in Japanese chestnut (Yamaguchi and Shibamoto, 1980; Lee and Kim, 2002) and 

the volatiles associated with chestnut honey (Bonaga et al., 1986; Guyot et al., 

1998).  Most work done on the chestnut flower (catkin) has focused on predictive 

volatile precursors associated with the quality of nectar and honey occurring in 

the European chestnut (C. sativa) and Japanese chestnut (C. crenata) 

(Yamaguchi and Shibamoto, 1980; Bonega et al., 1986; Guyot et al., 1998; 

Alissandrakis et al., 2011).  Food chemistry studies on the chestnut kernel have 

sought to characterize the nutrition, and odor and flavor of nuts that have been 

prepared for human consumption (Kunsch et al., 2001; Krist et al., 2004; Yildiz 

et al., 2009).  However, no research has been conducted on the Chinese chestnut 

(Castanea mollissima) to establish a complete VOC profile of the reproductive 

parts of the tree (e.g. flower, bur and nut) under natural environmental 

conditions.  Moreover, most of the studies involving chestnut have used chemical 

extractions rather than the more recent, solventless methodology.   

Solid phase microextraction (SPME) is a relatively simple and versatile 

technique for sampling volatile organic compounds (VOCs), and is conducted 

without chemical solvents or high levels of plant tissue manipulation (i.e. without 

grinding or crushing).  Although this technique was originally developed for 

aqueous solution sampling (Arthur and Pawliszyn, 1990), it has become 

commonly used in analyzing headspace volatiles (Shang et al., 2002; Flamini et 

al., 2003; Krist et al., 2004; Lucero et al., 2006), and it has also been used in the 

chemical identification of pheromones by contact with insect sex glands 

(Rodstein et al., 2009).  These latter two areas of SPME usage are of particular 

interest to biological and chemical ecology studies, where novel plant or insect 
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VOCs need to be analyzed for identification in order to further understand the 

controlling factors of observed ecological phenomena (e.g. pollination, host 

selection, mate location) (Tholl et al., 2006; Schwab et al., 2008).  Again, since 

SPME is a non-destructive sampling technique, it allows the identification of 

naturally released compounds that might be perceived and acted upon by 

herbivores or pollinators under normal conditions, while simultaneously 

minimizing the confounding presence of damage induced chemistry (Tholl et al., 

2006). 

The objective of this study was to characterize the profile of the volatile 

chemicals released from Chinese chestnut (C. mollissima) reproductive plant 

tissues, as a prelude to insect pest behavioral bioassays and 

electroantennographic research into the identification of key compounds 

associated with these plant-insect interactions.  

 
Materials and Methods 

 
Plant Material 

 
All plant materials were obtained from several Chinese chestnut (Castanea 

mollissima var. Qing) grown at the University of Missouri Horticulture and 

Agroforestry Research Center (HARC, New Franklin, MO).  In May, catkins 

clusters from chestnut in full bloom (ranging white to yellow) were selected and 

cut from the tree.  In September, full-sized bur clusters were sampled from the 

tree, opened, and their nut tissue (pericarp and pellicle) removed.  Before the 

plant tissue samples were taken from the orchard, they were separated and 

wrapped in aluminum foil, then placed in Ziploc freezer bags.  Some plant 
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materials were frozen at -200 C until analytical testing.  In September 2008, fresh 

fall burs and frozen spring catkins were analyzed, and then one month later, fresh 

fall nuts/burs and frozen spring catkins were analyzed again.  Fresh catkins were 

analyzed in June 2009.   

 
Extraction of Volatile Compounds 
 

Both fresh and frozen plant material was cut to fit 40 ml clear glass, screw 

top vials with hole-cap PTFE/silicone septa (Supelco, Bellefonte, PA).  Plant 

tissues were allowed to equilibrate for 2, 8 or 24 hours at 250 C before sampling.  

Volatiles were collected with the solid phase microextraction (SPME) technique.  

The Supelco SPME manual sampler combined with a polydimethylsiloxane 

coated fiber assembly (PDMS, 100 µm) was used to sample the headspace of all 

prepared tissues by puncturing the vial septum with the manual holder needle 

and exposing the enclosed PDMS fiber.  SPME fiber exposures included 10 s, 30 

s, 1 min, 5 min and 15 min sampling durations for each plant tissue to examine 

both major and minor components of the volatile profile.  After each volatile 

extraction was finished, the SPME fiber was withdrawn into the manual holder 

needle and transferred to the injection port of the GC-MS system for volatile 

analysis.  The exposed fiber was desorbed in the injection port for 4 minutes at 

the start of each GC-MS cycle.  SPME fibers were conditioned between usages 

following the manufacturer guidelines (2500 C for 30 min).  Three types of 

controls were used to test for background interference in SPME sampling, 

including non-injection and injection blanks as well as empty vial blanks.  Non-

injection blanks were GC-MS runs without any SPME fiber being injected into the 
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GC port.  Injection blanks were those with SPME injection of clean or 

reconditioned fibers.  Lastly, empty vials without any plant tissue were also 

sampled with SPME. 

 
Volatile Analyses 
 

The analysis of volatile samples was performed using a Varian 3400cx gas 

chromatograph (GC) with a DB-5 capillary column (30 m x 0.25 mm i.d., 1.0 um 

film thickness) coupled with a Varian Saturn 2000 ion trap mass spectrometer 

(MS) (Varian Inc., Walnut Creek, CA).  The GC temperature program started at 

350 C for 4 minutes, then was ramped up at 30 C/min to a final temperature of 

2500 C and held for 5 min (for a total runtime of 80 min per sample).  The carrier 

gas used was helium, at a flow rate of 1mL/min, and the GC injector temperature 

was 2500 C.  The MS trap and manifold temperatures were 1500 C and 500 C, 

respectively, with the transfer line between the GC and MS held at 2500 C.  

Electron impact was utilized as the ionization source, and the mass specta 

ranging from 36 to 400 m/z were scanned with a 0.81-s scan cycle.  The 

maximum ionization time was 25,000 µs, with target total ion count of 20,000, 

and the prescan ionization time programmed at 100 µs.  When available, the 

identification of the isolated compounds was achieved by comparing retention 

times and mass spectra with those of reference standards (Sigma Aldrich, St. 

Louis, MO).  For tentative identification, the National Institute of Standards and 

Technology (NIST05) mass spectral library was used, as well as the spectral data 

published in the related literature. 
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Results 
 
Volatiles from Nuts  
 
 Approximately 20 peaks were observed in the total ion chromatogram of 

C. mollissima nut tissue.  Several of these peaks could not be positively identified 

either because of possible coeluted interferences or their low signal to noise 

ratios.  The typical chromatogram for the SPME sampling of nut tissues (Figure 

6) yielded 11 compounds consistently above 5k counts in abundance that also had 

strong matches to known compounds in the National Institute of Standards and 

Technology (NIST) library.  Of those, 9 were confirmed with chemical standards 

(Sigma Aldrich, USA) based on similar retention times and mass spectra.  

Inorganic contaminants are denoted with an asterix, and usually matched those 

observed in control blank trials (Figure 9), including those from the PDMS fiber, 

the GC inlet injection septum or the GC column coating. 

 
Volatiles from Burs    
 

 Several dozen peaks were observed in the GC-MS chromatogram of 

volatiles sampled from the burs of C. mollissima.  The typical chromatogram for 

the SPME sampling of bur tissues (Figure 7) yielded 18 compounds consistently 

above 5k counts in abundance that also had strong matches to known compounds 

in the NIST library.  Of those, 6 were confirmed with reference standards (Sigma 

Aldrich, St. Louis, MO) based on similar retention times and mass fragmentation 

spectra.  Inorganic contaminants are again noted with an asterix.  
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Volatiles from Catkins 
 

Over 100 peaks were observed in the GC-MS analysis of C. mollissima 

catkins, many of which were found in high abundance.  The typical 

chromatogram for the SPME sampling of catkin tissues (Figure 8) yielded 24 

compounds consistently above 5k counts in abundance that also had positive 

matches to known compounds in the NIST library.  Of those, 9 were confirmed 

with reference standards (Sigma Aldrich, St. Louis, MO) based on similar 

retention times and mass spectra.  Inorganic contaminants are again noted with 

an asterix. 

 
Volatiles from Controls 
 

The three chromatograms from blank controls (Figure 9), including those 

trials with SPME samples taken from empty vials, the injection of clean SPME 

fibers, and the non-injection trials that consisted of the GC program cycle alone, 

all showed minor contaminants.  The lowest background noise was observed in 

non-injection blank controls, where few contaminants were detectable.  The 

SPME injection from sampling empty vials and the SPME injection with clean 

fibers yielded similar chromatograms, both of which included several siloxane-

derived contaminants.   

 In total, 23 electron-impact mass spectra (EI-MS) comparisons were 

generated between chestnut tissue samples and known synthetic standards to 

confirm identifications (Figures 10-32).  These compounds from C. mollissima 

plant tissues matched mass spectra of synthetic standards and further 

comparison found them to share similar retention times in the DB-5 column. 
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Discussion 
 

 In total, 53 volatile organic compounds (VOCs) were identified from C. 

mollissima (Qing variety) reproductive plant tissues, including several that were 

found in common.  The compounds ethyl isobutyrate, (E)-2-hexan-1-al, (E)-2-

hexan-1-ol, (Z)-3-hexan-1-ol, 2-heptanone, 2-heptanol, and alpha-pinene were all 

found in at least two of the three sampled plant tissues.  While the nut tissue had 

the lowest total variety and abundance of VOCs, it also had the highest 

proportion of confirmed compounds (8 of 11; 73%), which may be due to the 

larger body of research dedicated to this tissue type and thus a more robust and 

accurate representation of those compounds for reference in the mass spectral 

library and associated chestnut literature.  The catkin tissue VOC analysis yielded 

the largest total variety and abundance of compound peaks in its associated total 

ion chromatogram, which is likely yet another testament to the high numbers of 

volatile compounds found in any complex flower fragrance.  However, only a 

moderate proportion of the VOCs identified from catkin tissue were able to be 

confirmed with commercially available standards (9 of 24; or 38%).  The bur 

tissue VOC analysis represented an intermediate variety and abundance of 

compounds relative to nut and catkin samples.  Again, only a moderate 

proportion of the VOCs identified from the bur tissue were able to be confirmed 

with commercially available standards (6 of 18; or 33%).  Further study into the 

unknown and unconfirmed VOCs found in C. mollissima will be required to 

complete the VOC profile of these plant tissues; however, most of the major peaks 

were identified from each tissue.  Additional collection techniques such as volatile 

collection traps (VCTs) or thermal desorption (TD) may generate sufficient 
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quantities of these compounds to conduct further study into the structure and 

subsequent identification of several of these unknown compounds.  Several VOC 

compounds just cannot be ionized by EI, but they can be easily detected by other 

detectors, such FID.   

 Based on the blank controls, the majority of inorganic contaminants 

appeared to be generated not from the GC column (Figure 9: C), but instead from 

the SPME fiber, the vial-cap septum, or perhaps the GC injector inlet septum 

(Figure 9: B, C).  Several of the contaminants in the blank controls matched 

siloxane-derived compounds, which likely stemmed from the 

polydimethylsiloxane (PDMS) fiber, which could have been from contact during 

the puncturing of the vial-cap septum or the contact during the puncturing of the 

inlet injection port septum on the GC.  Other trace amounts of contaminants 

were liquids or gases that may have been associated with the air in the USDA-

ARS water quality laboratory that the sample vials were prepared in, these 

include the trace amounts of acetonitrile, argon, benzene-derived and decenol-

derived compounds (Figure 9). 

 Many of the identified compounds from the tissues of C. mollissima match 

those previously reported in chestnut chemistry literature, but it is difficult to 

draw direct comparisons based on retention times alone with a retention index to 

standardize the data (Lucero et al., 2009).  That being said, the studies of C. 

sativa honey (Guyot et al., 1998; Jerkovic et al., 2007; Alissandrakis et al., 2011) 

listed several compounds such as propionic acid, 2-methyl-1-butanol, toluene, 

alpha-pinene, beta-pinene, 2-furanmethanol, 2-methylbutanoic acid, 2-hydroxy-

5methyl-2-hexanone, octanal, eucalyptol, heptanoic acid, nananoic acid, and (Z)-
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cinnamyl alcohol, all of which have similar retention times and structure to those 

compounds identified in our study.  Yamaguchi and Shibamoto (1980) listed 

several of the same compounds identified from chestnut blossoms, including (E)-

2-hexanol, heptanal, cis-3-hexen-1-ol, benzaldehyde and alpha-farnesene.  Also, 

Krist et al. (2004) published similar compounds from roasted nuts, including 2-

butanoic-acid methyl ester, 2-heptanone, and gamma-butyrolacetone. 

 It seems apparent that there are strong similarities between our findings 

from tissue samples of C. mollissima and those compounds reported from other 

species such as C. sativa and C. crenata, specifically those reported from nut and 

catkin tissues (Yamaguchi and Shibamoto, 1980; Bonega et al., 1986; Guyot et al., 

1998; Alissandrakis et al., 2011).  While no studies have been conducted to 

directly compare these tissues across species, there are slight variations in the 

volatile profiles, which might be explained by the various methods for volatile 

collection and analysis.  Furthermore, this is the first reported case of VOCs 

identified from bur tissue of chestnut, though similar compounds were identified 

from both nut and catkin tissues (Yamaguchi and Shibamoto, 1980; Bonega et al., 

1986; Guyot et al., 1998; Alissandrakis et al., 2011).  Our study reported a much 

higher incidence of butyrate-derived compounds from nut tissue when compared 

to Krist et al (2004), which may be explained by differences in roasted versus 

natural nuts, as Guyot et al (1998) reported from natural chestnut honey much 

more similar results to our findings including these butyrate-derived compounds.  
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Figure 6: Top. Representative total ion chromatogram of the volatile organic 
compounds (VOC) obtained from sampling chestnut kernel tissue with SPME.  
The y-axis is the relative abundance, and the x-axis is time.  Bottom. A list of the 
major compounds found in the chromatogram (with respective peak number) 
from the NIST05 library, and where available, confirmation with a certified 
reference standard.  
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Figure 7: Top. Representative total ion chromatogram of the volatile organic 
compounds (VOC) obtained from sampling chestnut bur tissue with SPME.  The 
y-axis is the relative abundance, and the x-axis is time.  Bottom. A list of the 
major compounds found in the chromatogram (with respective peak number) 
from the NIST05 library, and where available, confirmation with a certified 
reference standard.  
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Figure 8: Top. Representative total ion chromatogram of the volatile organic 
compounds (VOC) obtained from sampling chestnut catkin tissue with SPME.  
The y-axis is the relative abundance, and the x-axis is time.  Bottom. A list of the 
major compounds found in the chromatogram (with respective peak number) 
from the NIST05 library, and where available, confirmation with a certified 
reference standard.  
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Figure 9: Top. Representative total ion chromatograms of the volatile organic 
compounds obtained from (A) sampling of a blank vial with SPME (B) blank 
injection of clean SPME (C) no injection.  The y-axis is the relative abundance, 
and the x-axis is time.  Bottom. A list of the major compounds found in the 
chromatograms (with respective peak number) from the NIST05 library.
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Figure 10:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard alpha-pinene (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (21.045, 21.028 respectively).  
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Figure 11:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl-2-methyl butyrate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis 
corresponds to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that 
cluster.  The retention time for the natural compound is similar to that of the reference standard (15.816, 15.769 
respectively).  
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Figure 12:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl-3-hydroxyhexanoate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis 
corresponds to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that 
cluster.  The retention time for the natural compound is similar to that of the reference standard (32.058, 32.006 
respectively).  
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Figure 13:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl butyrate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (12.831, 12.768 respectively).  
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Figure 14:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl caprylate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (35.763, 35.734 respectively).  
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Figure 15:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl isobutyrate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds 
to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (10.422, 10.486 respectively).  
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Figure 16:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl tiglate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (21.247, 21.180 respectively).  
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Figure 17:  Comparison of mass spectra from the natural compound found in chestnut kernel tissue (top) to the synthetic 
standard ethyl trans cinnamate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis 
corresponds to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that 
cluster.  The retention time for the natural compound is similar to that of the reference standard (48.865, 48.812 
respectively).  
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Figure 18:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard alpha pinene (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (21.097, 21.169 respectively).  
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Figure 19:    Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard 2-heptanol (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to the 
mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (18.795, 18.877 respectively).  
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Figure 20:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard 2-heptanone (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (18.277, 18.216 respectively).  
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Figure 21:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard (Z)-3-hexenol (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (16.157, 16.284 respectively).  
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Figure 22:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard ethyl tiglate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (21.297, 21.154 respectively).  
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Figure 23:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard ethyl isobutyrate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds 
to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (10.456, 10.327 respectively).  
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Figure 24:  Comparison of mass spectra from the natural compound found in chestnut bur tissue (top) to the synthetic 
standard 2-heptanol (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to the 
mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (18.863, 18.821 respectively).  
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Figure 25:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard 2-heptanone (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (18.242, 18.216 respectively).  
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Figure 26:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard alpha-pinene (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the synthetic standard (21.156, 21.072 respectively).  
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Figure 27:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard (E)-caryophyllene (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis 
corresponds to the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that 
cluster.  The retention time for the natural compound is similar to that of the reference standard (47.370, 47.252 
respectively).  
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Figure 28:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard (Z)-3-hexenol (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (16.195, 16.133 respectively).  
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Figure 29:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard (Z)-geraniol (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (37.478, 37.469 respectively).  
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Figure 30:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard propyl acetate (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (7.995, 7.892 respectively).  
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Figure 31:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard toluene (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to the 
mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (10.821, 10.744 respectively).  
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Figure 32:  Comparison of mass spectra from the natural compound found in chestnut catkin tissue (top) to the synthetic 
standard (E)-2-hexenal (bottom).  The y-axis is the relative intensity (percent) of total ions, and the x-axis corresponds to 
the mass to charge ratios (m/z).  Each ion cluster is labeled with the mass of the predominant ion in that cluster.  The 
retention time for the natural compound is similar to that of the reference standard (15.940, 15.765 respectively).   
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CHAPTER IV: 
CHESTNUT WEEVIL BEHAVIORAL BIOASSAYS 

AND EMERGENCE PATTERNS 
 
 
 

Introduction 
 
 Phytophagous insects use a variety of general and host-specific cues to 

locate their host plants within an environment (Bernays and Chapman, 1994; 

Bruce et al., 2005; Ngumbi et al., 2009).  A flying insect will use long-range visual 

or olfactory cues to lead it into the vicinity of the target plant, and once making 

contact with a potential host, it utilizes short-range olfactory, mechanical or 

gustatory cues to verify the plant‟s suitability as a feeding or oviposition site 

(Jung et al., 2000; Bruce et al., 2005).  The olfactory cues, both long-range and 

short-range, are often plant volatile organic compounds (VOCs) and these 

semiochemicals carry chemical information about the potential hosts in the 

environment, which can relay signals regarding the species, location, and health 

of a plant (Bernays and Chapman, 1994).  Other chemical cues that might play a 

role in host plant location might include species-specific semiochemicals, 

pheromones, which can add complexity to plant selection patterns based on the 

presence of conspecifics (Harari et al., 1994; Hedin et al., 1997; Schulz, 2005; 

Zhang and Aldrich, 2003; Guarino et al., 2008).  Such pheromones draw insects 

into habitable regions of the environment or aid in mate location through synergy 

with plant-generated cues (Cole and Amman, 1980; Langor et al., 1990; Sullivan, 

2005).  The attractiveness of constitutive plant volatiles is important to 

understand pest dispersal and manage the associated damage on native plant 
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populations as well as on commercially established crops (Pinero and Prokopy, 

2003; Bruce et al., 2005).        

 The lesser chestnut weevil, Curculio sayi (Gyllenhal), infests the nuts of 

trees within the genus Castanea throughout the United States, and it has not 

been reported to feed or oviposit on any other group of plants (Brooks and 

Cotton, 1929; Johnson, 1956).  In Mid-Missouri, this insect displays two 

emergence and activity periods, one in the spring and the other in the fall (Keesey 

and Barrett, 2008).  The ability of this highly host-specific insect pest to persist, 

even given the demise of its native plant host (Castanea dentate Marsh, the 

American chestnut) to an introduced blight (Cryphonectria parasitica (Murrill) 

Barr), is partially attributed to the rise in commercially grown Chinese chestnut 

(C. mollissima) (Johnson, 1956), which are currently favored by growers in mid-

Missouri because they are the most blight resistant species within Castanea 

(Hunt et al., 2006).  However, to date, no studies have been conducted to 

determine the means by which this highly damaging insect pest locates suitable 

host trees in the environment.  While no research exists on the role of 

semiochemicals in the host-locating behaviors of C. sayi, there is a large body of 

literature on other weevil pest species regarding the critical use of plant VOCs in 

determining the attractiveness of a host.  These studies include the pecan weevil, 

Curculio caryae Horn (Collins et al., 1997), the Fuller‟s rose weevil, Pantomorus 

cervinus Boheman (Wee et al., 2008), the plum curculio, Conotrachelus 

nenuphar Herbst (Leskey et al., 2009), the pepper weevil, Anthonomus eugenii 

Cano (Addesso and McAuslane, 2009) and the cranberry weevil, Anthonomus 

musculus Say (Szendrei et al., 2009).  Such studies have shown that weevils can 



 

99 
 

detect and orientate to host plant volatiles in behavioral bioassays, and moreover 

that olfaction is an important factor in host location for this group of insects.   

The overall goal of this project was to examine the behavioral responses of 

adult C. sayi to some chestnut volatile organic compounds (VOCs) to determine 

whether or not they could be utilized as attractants in an overall weevil-

monitoring program.  The project‟s specific objectives were to: (1) assess the level 

of attractiveness of adult C. sayi to different whole chestnut plant parts; (2) 

examine the attractiveness of adult C. sayi to identified chestnut VOCs; and (3) 

determine if adult C. sayi responses towards chestnut VOCs differ between 

individuals emerging in the spring and those that become active in the fall.   

 
Materials and Methods 

 
Field Sites 
 

From 2008 through 2010, adult C. sayi were collected from a private 

farmstead southwest of Glasgow (Saline County), Missouri (39.19190 N, 292.93110 

W).  Several nut trees of varying ages had been planted at the site including black 

walnut, Juglans nigra L. (Juglandaceae), pecan, Carya illinoinensis (Wangenh.) 

K. Koch (Juglandaceae), heartnut, Juglans ailantifolia Carrie`re (Juglandaceae), 

and several chestnut varieties (Castanea spp.).  These nut trees had not been 

under any type of management program (such as pruning, fertilization, or pest 

control) for several decades.  The soil at the site was Menfro silt loam (USDA soil 

type).  At this site there were 14 chestnut trees spaced 7–10 m apart.  These 

chestnut trees were 15–18 m tall, and their canopies were overgrown and 

overlapping.  It was estimated that the trees were between 40 and 50 years of age, 
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of a grafted variety, and were probably a cross between Asian and American 

chestnut species (Ken Hunt, personal communication).  The trees flowered in 

late-April into May and June, and annual nut drop usually started by late-August 

and usually continued until early-October. 

Plant material used in the behavioral bioassay tests were obtained from 

the University of Missouri‟s Horticulture and Agroforestry Research Center 

(HARC), New Franklin (Howard County), Missouri (39.02020 N, -92.76460 W).  

HARC is located approximately 23 km southeast of the Glasgow field site, and the 

soil type was Menfro silt loam (USDA soil type).  The source of the plant material 

came from a block of Chinese chestnut trees, Castanea mollissima (Qing variety).  

These were grafted trees, approximately 15 years old, and on a 4 x 8 meter 

spacing.  Catkins from these trees were collected periodically during June, and 

the burs and nuts were collected in September.  Fresh leaves were collected in 

both June and September.      

 
Adult Emergence  
 

Adult C. sayi were collected at the Glasgow site by limb tapping (jarred 

weevils falling onto canvas sheets covering the ground) and through the use of 

traps: ground-based emergence traps, tree-mounted circle traps and 

pyramid/silhouette traps (see Keesey 2007 for detailed descriptions of trap type).  

Collected weevils were sexed via body length and the shape of proboscis 

(Johnson, 1956; Akca et al., 2007), placed in separate containers and transported 

back to the laboratory in chilled coolers.  The collected weevils were then placed, 

by sex and collection date, into plastic containers (0.5 liter) that contained 1 inch 
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of clean wood shavings and a 1 cm3 sponge cube that was kept saturated with 

honey water.  These containers were then housed in growth chambers set at 270 

C, with 40% relative humidity, and a photoperiod of 14:10 (L:D) hours.  Each 

container held about 20 weevils.  Once a week, a subsample of the weevils 

collected that week were fixed in Kahle‟s solution for 2 hours and then preserved 

in 80% ethanol until a qualitative examination of their reproductive organs could 

be conducted.  

During each field visit, the chestnut trees at the farmstead site were 

visually examined and stages in the trees‟ phenology were recorded, such as the 

presence of developing catkins (flowers), the beginning and duration of bloom, 

the catkin senescence as well as the splitting of burs and subsequent start and 

duration of nut drop. 

 
Insects and Species Identification 
 

Adults collected each year from the traps were examined for the diagnostic 

characteristics that separate C. sayi (the lesser chestnut weevil) from C. 

caryatrypes (the greater chestnut weevil).  Such characteristics were the differing 

body sizes, curvature patterns of the rostrum (snout) and the lengths of the 

funicular antennal segments (as described by Brooks and Cotton, 1929; Johnson, 

1956; Gibson, 1969).  Voucher specimens from this study have been placed in the 

Enns Entomological Museum, University of Missouri.   

 
Y-tube Olfactometer and Experimental Design 
 

In 2009, the olfactory preferences of field collected C. sayi were tested 

using a Y-tube olfactometer (consisting of two 10-cm arms and one 15-cm stem; 
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24 mm diameter glass) (Analytical Research Systems, Gainsville, FL) (Figure 33).  

The compressed air was humidified with distilled water and filtered through 

activated charcoal prior to being split between two inline flow meters.  Air flow, 

using Teflon tubing connections, was maintained at 0.5 liter/min for each arm of 

the Y-tube apparatus.  Three types of holding chambers were used, depending on 

the size of the plant tissue or treatment material being tested: (1) large glass 

chambers (32 cm tall x 10 cm diameter), (2) medium glass chambers (24 cm 

length x 4 cm diameter), and (3) small glass chambers (17 cm length x 3 cm 

diameter) (Figure 34).  The glass Y-tube was held at a 300 angle above horizontal, 

and a white-walled cardboard enclosure was utilized to eliminate visual cues 

associated with the surrounding laboratory.  The Y-tube assembly was centered 

below and illuminated by overhead fluorescent light fixtures (two 1 m length 

bulbs running in parallel, 32 watts each, suspended approximately 3 m above the 

assay) that provided between 310 to 340 lux of light.  Laboratory conditions were 

maintained at 21-240 C and 20-30% relative humidity. 

Insects were placed individually in the release chamber at the base of the 

Y-tube stem and observed until they made a choice.  To avoid insects simply 

running up the Y-tube and not making a decision based on olfaction, overly 

energetic insects were held in the release chamber until they reduced movement 

or they were induced into thanatosis (feign death).  A choice was recorded when 

the insect left the release chamber, climbed the Y-tube stem and reached the end 

of either of the two Y-tube arms.  If the released insect had not successfully 

reached the end of one of the two arms after a maximum of 10 minutes, the trial 

was recorded as „no choice‟.   
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Overall, each treatment trial consisted of introducing at least 10 weevils (of 

each sex), individually, into the Y-tube olfactometer.  Afterwards, the assembly 

was reversed (flipped) to change the side of the odor source and the trial was 

repeated with the same 10 weevils.  Each weevil was then exposed to the odor 

source that originated from both sides of the olfactometer assembly (this was 

done to exclude the possibility of a positional bias by the weevils).  In order to 

avoid contamination from previous insects or odor sources, a cleaned Y-tube 

assembly was used each time there was a change in the treatment or sex of the 

weevil.  The Y-tube assemblies were cleaned with hot soapy water, rinsed with 

methanol and then acetone before being air-dried overnight.  After the weevils 

were run through a given trial, they were returned to their plastic cages (which 

contained honey water) and housed in the growth chamber.  Due to the 

fluctuating numbers of weevils that were collected from the field each week, some 

previously tested weevils (after several days of rest) were used again in another 

treatment trial. 

 
Bioassays with Host Plant Material 
 
 In 2009, four types of plant tissue (leaf, catkin, nut, and bur) were 

collected from Chinese chestnut trees (Qing variety) located at HARC (New 

Franklin, Missouri).  As the plant tissue samples were collected, they were 

individually wrapped in aluminum foil, and then placed in plastic, re-sealable 

freezer bags.  All plant materials were kept and used whole and intact.  However, 

some material was frozen at -200 C until their usage in the bioassay trials.  Frozen 

tissue samples were allowed 1-2 hours to thaw before their use.  During the 
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testing of spring-emerged weevils, fresh catkins and leaves were used along with 

frozen nuts and burs (collected from the previous fall).  For tests involving the 

fall-emerged weevils, fresh nuts, leaves and burs were used along with frozen 

catkins (that were collected several months several months earlier).  The smallest 

possible holding chambers were used for all plant material to reduce dead 

volume.  Chestnut burs ranged in size from 6-8 cm in diameter and required 

large glass chambers (Figure 34 A), while catkins, leaves and nuts all fit into the 

medium glass chambers for the bioassay trials (Figure 34 B).  Plant materials 

were used as found in nature, thus a single bur or leaf, a cluster of 2-3 nuts or 

several catkins arising from a single axil were placed into their respective holding 

chamber for use in the bioassay.  The control consisted of air delivered through a 

clean, empty holding chamber of equal volume to that used to hold the plant 

tissue treatment. 

 
Bioassays with Individual Host Plant Volatiles 
          
 Twenty-four volatile organic compounds (VOCs) that were identified from 

chestnut plant tissues (see chapter III) and that were also commercially available 

(Sigma Aldrich, St. Louis, Missouri) were selected for use in the behavioral 

bioassays.  These compounds consisted of aldehydes, ketones, alcohols, terpenes 

and esters.  Each synthetic standard was high purity (≥ 95%), and a single 1 µl 

droplet was pipetted onto a 1 x 1 cm piece of clean filter paper (Whatman No.4; 

Whatman International, Maidstone, United Kingdom), which was then placed 

into the smallest holding chamber in the Y-tube assembly (Figure 34 C).  The 

control consisted of air delivered over a clean piece of filter paper of equal size 
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treated with a 1 µl droplet of distilled water.  New filter paper and droplets were 

used for both control and treatment holding chambers per insect replicate. 

Bioassays with Fractionated Nut Material  
 

 Because our preliminary studies suggested that nut material might contain 

VOCs that were specifically attractive to C. sayi (as opposed to the catkins, which 

were attractive to a multitude of insects), nut material underwent an additional 

fractionation process to assist in identifying important bioactive compounds.  

Nuts were collected from Chinese chestnut trees (Qing variety) at HARC (New 

Franklin, Missouri) in October 2007 and frozen.   In April 2008, after thawing 

the nut material, the shell (pericarp) and inner skin (pellicle) were removed, and 

250 grams of nut tissue (cotyledons) was chopped and ground into five separate 

containers, each with 200 ml of methanol and 50 ml of water.  Each of the five 

samples was mechanically shaken for 24 hours.  These samples were then filtered 

through paper discs with the aid of a vacuum source to remove large particles of 

nut tissue, and next these samples were concentrated with a savant.  The polar 

and non-polar compounds were separated with three liquid-liquid extractions of 

50 ml of chloroform.  Lastly, a liquid chromatography column was used to 

separate the samples into four fractions using acetonitrile (ACN) and distilled 

water (i.e. 100% ACN, 75% ACN, 50% ACN, and 25% ACN), and these fractions 

were stored at 50 C until needed.  For each of the four fractions, a 1 ml drop was 

placed onto a clean filter paper disc (Whatman No.4; Whatman International, 

Maidstone, United Kingdom), and allowed to dry for 5 minutes under a fume 

hood before being used in the bioassay as a treatment.  The control treatment 

consisted of a clean piece of filter paper of equal size to that used for the 
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treatment, but with a 1 ml drop of distilled water.  New filter paper and droplets 

were used for both control and treatment per insect replicate.  

Statistical Analyses 
 
 For each plant material treatment type (whole, fraction or VOC), the 

results were analyzed as two-choice data.  A G-test for goodness-of-fit with 

William‟s correction (Sokal and Rohlf 1995) was conducted on the numbers of 

insects making a choice, using the null hypothesis of no preference (i.e., a 

prediction of an equal distribution).  The number of weevils not making a choice 

(“no choice”), per sex and season (spring and fall) assayed, were compared using 

chi-square analyses within and among the plant tissue experiments. All the 

statistical analyses were performed with the Statistical Analysis System (SAS 

Institute, Inc., Cary, NC) 

 
Results 

 
Adult Emergence  
 

The weevil collection data revealed that adult C. sayi emerged from the 

soil during two periods each year.  The first emergence period typically started as 

the pre-bloom catkins (flowers) were beginning to form (late-May) and continued 

through the flowering bloom period (through mid-June).  After about 1.5 months 

of little or no weevil activity (such as emergence and movement into the trees) the 

second emergence period started about one month prior to the burs splitting and 

releasing the nuts in the fall (mid-August through late-September) (Figure 35).  

During the fall period, a greater number of weevils were collected from the 

activity traps and through limb tapping than through the emergence cage traps.  
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It should also be noted that higher numbers of weevils were collected in 2008 

and 2010 than were collected in 2009. 

The dissection of preserved adult weevils that were collected throughout 

the two emergence/activity periods revealed qualitative differences in the 

appearance of the reproductive organs.  For example, both the male and female 

reproductive organs of adults that were captured during the spring were less 

sclerotized and less robust-looking than those found in adults collected in the fall 

(Figure 36). 

 
Insect Species Identification 
 

Using the diagnostic morphological characteristics of adult body length, 

rostrum (or snout) curvature and lengths of the funicular antennal segments as 

described by Brooks and Cotton (1929), Johnson (1956) and Gibson (1969), it 

was determined that all of the adult weevils captured throughout the season at 

the Glasgow field site were Curculio sayi, the lesser chestnut weevil. 

 
Bioassays with Host Plant Material 
 
 The majority of the weevils collected and tested in 2009 made a choice 

when presented with a plant tissue treatment versus a control in the choice-based 

Y-tube behavioral bioassays (84% in spring; 79% in fall).  There were no 

significant differences for either males or females between the leaf tissue and 

control assays, regardless of the season in which the adults were collected (Figure 

37).  However, males in the spring were significantly attracted to catkins (P = 

0.00875), but not to bur or nut tissue (P = 0.055, P = 0.357, respectively).  Males 
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collected in the fall did not show any significant attraction towards any plant 

material (catkin, P = 0.139; bur, P = 0.067; nut, P = 0.5) (Figure 38).   

Females collected in the spring were significantly attracted to catkins (P = 

0.0075), but not to bur or nut tissue (P = 0.299, P = 0.214, respectively).  Fall 

collected females were attracted to both catkins (P = 0.044) and burs (P = 0.022), 

but not to nuts (P = 0.105) (Figure 39).  The highest numbers of adults showing a 

„no-choice‟ were recorded in the spring for males and females that were presented 

with nuts (37% and 46%, respectively), while the smallest numbers of „no choice‟ 

adults were recorded in the spring for males and females presented with leaves in 

the Y-tube bioassays (both around 9%)  (Figure 40).  The numbers of „no choice‟ 

responses doubled from spring to fall weevils for both catkins and leaves, 

including those recorded for both male and female trials (Figure 40).  

 
Spring Collected Weevils: Bioassays with VOCs 
 
 The majority of the weevils collected in the spring and tested in 2009 

made a choice (87%), and overall, more insects chose the control over the 

treatments (532 to 263, respectively).  In the testing of ketones, aldehydes and 

others miscellaneous compounds, male weevils were significantly attracted to 

(E)-2-hexenal (P = 0.002), and repelled by 2-ethyl butyric acid (P = 0.012) 

(Figure 41).  Conversely, females were not attracted to these types of VOCs.  For 

the alcohols tested, the majority of these compounds were highly repellent for 

both males and females (2-heptanol, P ≤ 0.001 and P = 0.003; (Z)-3-hexenol, P ≤ 

0.001 and P ≤ 0.001; (E)-2-nonenol, P ≤ 0.001) (Figure 42).  Only the males were 

not significantly repelled by the alcohol (E)-2-nonenol (P = 0.268).  Several of the 
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terpenes tested were repellent to both males and females, including (Z)-geraniol 

(P = 0.012, P = 0.002), β-caryophyllene (P = 0.045, P = 0.045), and α-pinene (P 

= 0.022, P = 0.045) (Figure 43).  Other terpenes were significantly repellent only 

to females, such as camphene (P = 0.045), 3-carene (P = 0.019) and β-pinene (P 

= 0.026).  For male only repellency, there was 1R-α-pinene (P = 0.014).  Several 

of the esters tested were repellent to both males and females, including ethyl-2-

methyl butyrate (P = 0.0084, P ≤ 0.001), 3-hydroxyhexanoate (P = 0.045, P = 

0.005), and ethyl tiglate (P = 0.002, P ≤ 0.001) (Figure 44).  An ester that was 

repellent to only males was ethyl caprylate (P = 0.045).    

 
Fall Collected Weevils: Bioassays with VOCs 
 
 The majority of the insects collected in the fall and tested made a choice 

(85%), and overall, more insects chose the control over the treatments (284 to 

123, respectively).  In the testing of ketones and aldehydes, both male and female 

weevils were significantly repelled by 2-heptanone (P ≤ 0.001, P = 0.002) and 

(E)-2-hexenal (P ≤ 0.001, P ≤ 0.001) in the Y-tube bioassays (Figure 45).  

Similarly, both of the tested alcohol compounds were repellent to males and 

females, 2-heptanol (P ≤ 0.001, P ≤ 0.001) and (E)-2-nonenol (P = 0.035, P = 

0.015) (Figure 46).  Two of the three terpenes generated significant behavioral 

responses in the fall (Figure 47), β-caryophyllene was found to be significantly 

repellent to females (P = 0.008), whereas β-pinene was significantly attractive to 

males (P = 0.019).  The two ester compounds that were significantly repellent to 

both males and females were ethyl tiglate (P = 0.003, P ≤ 0.001) and ethyl 

isobutyrate (P = 0.029, P = 0.001) (Figure 48).  
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Spring Collected Weevils: Bioassays with Fractionated Nut Material 
 

There were only two statistically significant behavioral responses of spring 

collected adults to the four fractions of nut tissue (Figure 49).  Females were 

significantly repelled from the 25% ACN fraction (P = 0.013) and males were 

significantly repelled by the 50% ACN fraction (P = 0.004).  In addition, the 

number of adults recorded as „no choice‟ was quite high for most treatments. 

 
Discussion 

 
 The spring and fall periods of adult weevil capture at the Glasgow site in 

2008 through 2010 were very similar to that previously reported by Keesey and 

Barrett (2008).  In addition, by combining their 3-year data set (2005-2007) with 

the current three-year period, a distinct pattern of alternating years of high low 

beetle emergence/activity is quite apparent.  For example, years with low beetle 

capture occurred in 2005, 2007 and 2009, whereas years with high beetle 

capture occurred in years 2006, 2008 and 2010.  This phenomenon may be 

associated with a natural oscillation in nut production that tends to occur in wild 

bearing trees (Fukumoto and Kajimura, 2010), which is a trait that is bred out of 

commercial chestnut cultivars where consistent annual nut yield is favored 

(Gaoping et al., 2001; Fulbright, 2003; Hunt et al., 2006). 

 From the preserved specimens, adults collected in the spring and fall had 

qualitatively different states of reproductive development (Figure 36), with both 

males and females having under-developed reproductive organs during the 

spring collection period.  This may be relevant to their observed feeding on the 

catkins in the spring and a subsequent maturation period thoughout the summer. 
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Although a feeding exclusion trial would be necessary to support this hypothesis.  

It should also be noted that no mating was observed to occur for C. sayi in the 

months following spring emergence, an observation that has been reported 

previously (Johnson, 1956), and this, too, might suggest that C. sayi are subject 

to an adult reproductive diapause.  Such a phenomenon has been described in 

other weevil species such as the alfalfa weevil, Hypera postica (Tombes, 1964), 

the Argentine stem weevil, Listronotus bonariensis (Goldson, 1981), and the 

apple blossom weevil, Anthonomus pomorum (Zdarek et al., 2000).  It is also 

interesting that there is only a single chestnut weevil species documented in other 

regions of the world, including Europe (C. elephas), China (C. davidi), and Japan 

(C. sikkimensis), while there are two chestnut weevil species reported in the 

United States.  This might be related to the fact that C. sayi is also the only 

chestnut weevil species documented to emerge in the spring and fall, while all 

other species are reported to have only a single fall emergence period.  Further 

study of other chestnut weevil species might also yield a spring emergence or 

activity period in correlation with catkin presence.  It has also been reported that 

differences in chestnut weevil larval size prior to entering the soil may be 

predictive of the length of diapause as well as the emergence date (Menu and 

Desouhant, 2002), and moreover a phylogenetic study of the spring and fall 

emerging adults might further clarify the species identification of the greater and 

lesser chestnut weevil in the United States.  

 Our study is the first record of behavioral responses of C. sayi to chestnut 

plant tissues and the associated VOCs released by these plant materials.  The 

results of the Y-tube bioassays indicated that the insects were unable to orientate 
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to odors emitted by leaves or nuts, regardless of sex or season.  However, there 

were large differences between the numbers of insects that were recorded as „no 

choice‟ for these two plant tissues, with the leaf treatment having very few not 

making a choice (9-20%), while the nut treatment had relatively more insects not 

making a choice (14-46%)  (Figure 40).  This lower number of „no choice‟ insects 

for the leaf treatments was coupled with qualitative observations during the ten 

minute choice period that insect movement appeared to be heightened.  This may 

indicate that chestnut leaves offer some excitatory or kinesis-inducing long-range 

odors, which is common in other insects including the codling moth, Cydia 

pomonella (Gonzalez, 2007), the eight-spined spruce bark beetle, Ips 

typographus (Zhang et al., 1999) and the emerald ash borer, Agrillus 

planipennis (Groot et al., 2008), but that the leaves do not provide odors that 

enable the insect to orientate and locate the plant material at close range.  This 

enhanced movement was not observed in the trials involving nut tissue, and 

moreover, it was not anticipated that nuts would not be behaviorally attractive to 

either males or females, especially given the importance of this plant tissue to 

feeding and oviposition as noted in the literature (Brooks and Cotton, 1929; 

Johnson, 1956; Desouhant, 1998; Keesey and Barrett, 2008).  It should be again 

mentioned that only mature, hardened nuts were tested, and there may be 

volatile differences in young, developing nuts within the bur, such as the reported 

structural changes of the polysaccharides across various degrees of hardening 

(Yang et al., 2010).    

Catkins were only attractive to spring collected males and not to the fall 

collected males.  This suggests a possible loss of key plant volatiles from the 
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freezing and subsequent thawing of this tissue type, as all fall catkin trials utilized 

frozen material.  However, catkins were attractive to females regardless of 

season, including the fall trials where frozen catkins were used.  Therefore, it is 

likely that frozen catkins were still capable of producing a partial to complete 

VOC profile, or that male and female C. sayi are responding to different 

compounds within the catkin VOC profile.  The spring emergence of C. sayi is 

commonly associated with the presence of catkins, and these insects are often 

reported to feed on these flowering tissues (Brooks and Cotton, 1929; Johnson, 

1956).  However, in nature, catkins are only available from late May through June 

for most chestnut species, including C. mollissima grown in mid-Missouri.  The 

importance of C. sayi being attracted to and feeding on catkins has yet to be 

determined, though this study once again demonstrates the temporal overlap in 

the spring of the chestnut tree fluorescence with the beetle emergence and 

activity in the tree (Figure 35).    

Although the bur treatments attracted more insects than controls across 

both sexes and seasons, only females in the fall proved to be significantly 

different.  A higher sample size may yield burs to be significantly attractive more 

consistently across sex and season, but interestingly, this tissue type that 

encompass the forming nuts has not been previously reported to have any 

association with C. sayi, though the burs have been analyzed for antioxidant 

properties (Zivkovic et al., 2009).  It is now apparent that burs may play a key 

role in the location of feeding and oviposition sites, something that was 

previously assumed to be associated with the nut tissue.     
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In general, there were very few behavioral differences between males and 

females in regards to the different chestnut tissue types, including „no choice‟ 

comparisons.  Thus the possibility that mating occurs on or near mutually 

attractive plant material may be supported by this study, however, research into 

the semiochemicals regulating mating behavior has yet to be conducted. 

There were only two VOCs shown to be attractive to C. sayi adults at the 

dosage level used in our bioassays, and these include the aldehyde, (E)-2-hexenal 

for spring males, and the terpene, β-pinene for fall males.  However, of the over 

20 compounds that generated significant behavioral responses among males and 

females across spring and fall testing, the majority of these responses tended to 

elicit repellency.   Previous studies on weevil behavioral responses to plant 

volatiles have shown a repellent effect in Y-tube experiments where higher doses 

were used than that found in naturally occurring plant material (Wee et al., 

2008), or general insect repellency to various insect- or plant-released 

compounds (Jaenson et al., 2006; Plettner and Gries, 2010).  These repellent 

effects by VOCs may still demonstrate detection and orientation uses by the 

insect, or may relay information to the insect in regards to host quality or 

damage, though additional bioassays are required to determine optimal dosage 

levels for attraction versus repellency.  Since whole plant tissue was used for 

behavioral bioassay testing, it is also possible that mechanical or herbivore 

damaged plant tissue may yield similarly repellent tendencies as those observed 

for several of the tested compounds (Szendrei et al., 2009), though further 

research on C. sayi is required to address these possibilities. 
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Although the majority of compounds that demonstrated significant 

behavioral responses affected both males and females, there were several 

differences noted between males and females for individual host plant volatiles.  

For example, (E)-2-hexenal, 2-ethyl butyric acid, 1R-α-pinene and ethyl caprylate 

were only shown to be significant for males in the spring, while (E)-2-nonenol, 

camphene, 3-carene, and β-pinene were only significant for females over that 

same season.  In the fall testing, β-caryophyllene was only significantly repellent 

to females, while β-pinene was only significantly attractive to males.  In Brown et 

al. (2006), studies of the terpene β-caryophyllene also revealed gender-specific 

responses by the Asian lady beetle to this compound, further supporting the 

gender variations found in C. sayi adults. 

This is the first study to compare insect behavioral responses over time, 

though other studies have examined the differences in attractiveness of 

developing plant parts versus those from mature plant tissues (Tasin et al., 2005; 

Szendrei et al., 2009).  There were several differences between behavioral 

bioassays conducted with spring and fall adults for individual host volatiles.  

Interestingly, (E)-2-hexenal was significantly attractive to males in the spring 

trials, but repellent for both males and females in the fall.  2-Heptanone did not 

generate any significant response for either sex in the spring, but was repellent to 

both sexes in the fall, while 2-heptanol and (E)-2-nonenol were repellent for both 

spring and fall testing regardless of sex.  Another example is β-pinene, which was 

repellent to females in the spring, but attractive to males in the fall.  Lastly, ethyl 

isobutyrate did not show any behavioral significance in the spring for either sex 
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tested, but in the fall was significantly repellent for both males and females, while 

ethyl tiglate was repellent across sex and season.  

Many of the VOCs that generated significant behavioral responses in C. 

sayi were found across several plant tissues.  For example, (E)-2-hexenal, (Z)-3-

hexenol, 2-heptanone and 2-heptanol were found in both catkins and burs, while 

ethyl isobutyrate was found in both nuts and catkins (see figures in chapter III).  

It is possible that C. sayi preference for plant material or individual VOCs 

changes over the course of seasons, which has never been reported previously for 

any insect, though again, research has never been conducted to compare 

behavioral testing over time.  
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Figure 33:  The Y-tube olfactometer assembly used in the Curculio sayi 
bioassays (image from Analytical Research Systems, Gainsville, FL).  
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Figure 34:  The three types of holding chambers utilized in the bioassay 
experiments.  Chestnut burs were placed in the large glass chambers (A; 32 cm 
tall x 10 cm diameter).  Catkins, nuts and leaves were placed in the medium-sized 
chambers (B; 24 cm length x 4 cm diameter) and the sections of filter paper 
treated with the VOCs were placed in the small chambers (C; 17 cm length x 3 cm 
diameter).  All glassware was obtained from Analytical Research Systems (ARS, 
Gainsville, FL).  
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Figure 35:  Weekly numbers of adult Curculio sayi captured by ground-
mounted emergence traps and activity trap types (tree-mounted and silhouette 
traps), as well as limb tapping at the Glasgow, MO, site in 2008 through 2010 
(dark blue = emergence trap capture; light blue = activity trap capture).  The 
colored bars above the capture data represent weekly observations of the 
phenology of the tree (green = pre-bloom catkins; yellow = catkins in bloom; 
brown = the onset and duration of nut drop).
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Figure 36:  Qualitative comparison of the reproductive organs of Curculio sayi adults collected from the spring and fall 
season.  Female (A) and male (C) organs collected during the spring period (June 4th, 2009).  Female (B)and male (D) 
organs collected during the fall period (October 10th, 2009).  Note the reduced scleritization in the spring-collected adults 
(lighter color), as well as the greatly reduced size of the ovaries (O), accessory glands (AG) and testes (T) relative to those 
from adults collected in the fall.  
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Figure 37:  Responses of Curculio sayi to chestnut leaf tissue in a Y-tube olfactometer choice test with adult females (f) 
and males (m) per season (spring and fall).  Data bars show number of adults choosing plant material or control, with the 
number of insects not making a choice listed at far right.  There were no statistically significant preferences (using a G-test 
with William‟s correction, P ≤ 0.05).  
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Figure 38:  Responses of Curculio sayi to chestnut tissue (nut, bur, and catkin) in a Y-tube olfactometer choice test with 
adult males per season (spring and fall).  Data bars show number of adults choosing plant material or control, with the 
number of insects not making a choice listed at right.  Asterisks denote statistically significant preferences using a G-test 
with William‟s correction (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). 
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Figure 39:  Responses of Curculio sayi to chestnut tissue (nut, bur, and catkin) in a Y-tube olfactometer choice test with 
adult females per season (spring and fall).  Data bars show number of adults choosing plant material or control, with the 
number of insects not making a choice listed at right.  Asterisks denote statistically significant preferences using a G-test 
with William‟s correction (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).  
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Figure 40:  Percentages of weevils not making a choice in the Y-tube olfactometer trials per plant material tested, per sex 
and per season collected. 
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Figure 41:  Responses of spring collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of aldehydes, ketones, and other miscellaneous compounds. Asterisks denote statistically significant 
preferences to a particular VOC using a G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 42:  Responses of spring collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of alcohol compounds.  Asterisks denote statistically significant preferences to a particular VOC using a 
G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 43:  Responses of spring collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of terpene compounds.  Asterisks denote statistically significant preferences to a particular VOC using a 
G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 44:  Responses of spring collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of ester compounds.  Asterisks denote statistically significant preferences to a particular VOC using a G-
test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 45: Responses of fall collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of aldehydes, ketones, and other miscellaneous compounds.  Asterisks denote statistically significant 
preferences to a particular VOC using a G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 46: Responses of fall collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of alcohol compounds.  Asterisks denote statistically significant preferences to a particular VOC using a 
G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 47: Responses of fall collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of terpene compounds.  Asterisks denote statistically significant preferences to a particular VOC using a 
G-test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 48: Responses of fall collected male (m) and female (f) Curculio sayi to certain volatile organic compounds 
(VOCs) in a Y-tube olfactometer choice test.  The tested VOCs (previously identified as occurring from chestnut plant 
tissue) consisted of ester compounds.  Asterisks denote statistically significant preferences to a particular VOC using a G-
test with William‟s correction (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001).  
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Figure 49: Responses of spring collected male (m) and female (f) Curculio sayi to fractions of nut tissue in a Y-tube 
olfactometer choice test that were generated using four solutions of acetonitrile (ACN) and distilled water.  Asterisks 
denote statistically significant preferences to a particular VOC using a G-test with William‟s correction (* = P ≤ 0.05, ** = 
P ≤ 0.01, *** = P ≤ 0.001).  
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CHAPTER V: 
CHESTNUT WEEVIL 

ELECTROANTENNOGRAM (EAG) RESPONSES 
 
 
 

Introduction 
 

The lesser chestnut weevil, Curculio sayi (Gyllenhal) (Coleoptera: 

Curculionidae), is a serious pest of natural and commercial chestnut trees across 

the central and eastern regions of the United States (Brooks and Cotton, 1929; 

Johnson, 1956) and represents a key pest for chestnut growers in Mid-Missouri 

(Keesey and Barrett, 2008).  This insect overwinters for 1-3 years in a larval 

diapause, but in the spring the adults emerge and move into the trees to 

presumably feed on the blooming chestnut catkins (Brooks and Cotton, 1929; 

Johnson, 1956; Keesey, 2007).  But throughout the summer months very few C. 

sayi are present in the trees.   A second adult ground emergence has been 

documented to occur in the fall, with increased adult activity occurring in the 

trees as the burs begin to split, exposing the nuts (site of oviposition) (Keesey and 

Barrett, 2008).  While many aspects of the biology and ecology of C. sayi have 

been studied, no research has been conducted to examine the important 

ecological chemistry behind this highly host-specific insect.  That this insect has 

persisted in Mid-Missouri, even given the almost complete destruction of the 

native tree, the American chestnut (Castanea dendata), suggests a strong 

chemoreception mechanism in C. sayi that allows it to identify and locate its host 

tree across great distances and often over highly fragmented host ranges (Light et 

al., 1992; Bruce et al., 2005). 
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 The methods for the isolation, identification and elucidation of the 

physiological roles of semiochemicals have proven to be important in the study of 

plant-insect interactions (Bjorstad, 1998), and none more so than the 

methodology of chemical ecology associated with the electroantennogram (EAG), 

which is used when chemoreceptors are easily accessible, as is the case for the 

antennae of most terrestrial insects.  Previous studies have shown weevils 

respond to host plant volatiles, including the pepper weevil, Anthonomus eugenii 

(Eller et al., 1994), the vine weevil, Otiorhyncus sulcatus (van Tol and Visser, 

2002), the southern pine beetle, Dendroctonus frontalis (Sullivan, 2005), and 

the cranberry weevil, Anthonomus musculus (Szendrei et al., 2009).  But the 

importance of host-plant odors has yet to be studied for the lesser chestnut 

weevil, C. sayi.  Therefore the objectives of this study were to (1) develop an EAG 

technique for C. sayi, (2) determine the antennal sensitivity to host plant tissues, 

(3) determine the antennal sensitivity to host plant volatile organic compounds 

(VOCs), (4) identify dose responses of C. sayi to different concentrations of key 

VOCs, and (5) compare EAG responses across sex and season of adult activity.     

 
Materials and Methods 

 
Insects 
 

Adult C. sayi were collected in the spring and fall of 2010 on a private 

farmstead southwest of Glasgow (Saline County), Missouri (39.19190 N, 292.93110 

W).  Several nut trees of varying ages had been planted in the area including 

black walnut, Juglans nigra L. (Juglandaceae), pecan, Carya illinoinensis 

(Wangenh.) K. Koch (Juglandaceae), heartnut, Juglans ailantifolia Carrié 
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(Juglandaceae), and several chestnut varieties (Castanea spp.).  These nut trees 

had not been under any type of management program (such as pruning, 

fertilization, or pest control) for several decades.  The soil was Menfro silt loam 

(USDA soil type), and at this site there were 14 chestnut trees spaced 7–10 m 

apart.  These chestnut trees were 15–18 m tall, and their canopies were 

overgrown and overlapping.  It was estimated that the trees were between 40 and 

50 years of age, of a grafted variety, and were probably a cross between Asian and 

American chestnut species (Ken Hunt, personal communication).  The trees 

flowered starting in late-April into May and June, and the annual nut drop 

usually started by late August and continued into early-October. 

Adult C. sayi were collected at the Glasgow site in 2010 by limb tapping 

(the jarred weevils falling onto canvas sheets covering the ground) and through 

the use of traps: ground-based emergence traps, tree-mounted circle traps and 

pyramid/silhouette traps (see Keesey 2007 for detailed descriptions of trap type).  

Collected weevils were sexed (via length and shape of proboscis), placed in 

separate containers and transported back to the laboratory in chilled coolers.  

The collected weevils were then placed, by sex and collection date, into plastic 

containers (0.5 liter) that contained 2-3 cm of clean wood shavings and 1 cm3 

sponge cube that was kept saturated with honey water.  These containers were 

then housed in growth chambers set at 270 C, with 40% relative humidity, and a 

photoperiod of 14:10 (L:D) hours.  Each container held 20 weevils.  Adults were 

assumed to be unmated, and those collected in the spring and fall activity periods 

were tested separately over the same time period from September through 

October 2010. 
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EAG Antennal Preparations  
 
 Prior to conducting the formal EAG studies, it was necessary to determine 

the best antennal preparation that would provide the strongest and most reliable 

recordings for C. sayi adults.  This was done because no EAG studies had been 

conducted on C. sayi before and because successful antennal preparations can 

vary from one insect species to another.  Five different versions of the antennal 

preparations were examined.     

The first antennal preparation was a modification of the approach used for 

Dendroctonus frontalis (Coleoptera: Curculionidae) by Sullivan (2005), where 

one saline filled pulled-glass electrode was inserted into the foramen of the 

excised beetle head and another saline filled pulled-glass probe was inserted into 

the clubbed tip of an antenna.  While this technique yielded sufficient recording 

sensitivity and a low level of noise in the baseline EAG signal, it required 45 

minutes to 1 hour to properly setup (as measured from beginning of head 

removal to the onset of EAG recording).  The extensive length of time needed for 

this setup was primarily due to the free rotation and cuticular strength of the 

antennal club, which made the puncturing and insertion of the second glass 

probe quite difficult.  From the literature, most EAG trials are reported to be 

conducted during the first hour of an antenna preparation in order to avoid 

reduced sensitivity and the confounding variables associated with desiccation 

and biological degradation of excised tissue.  As such, this type of antennal 

preparation was not selected.     

The second preparation examined again used the excised head of a C. sayi 

adult, which was placed in Spectra 360 electrode gel (Parker Laboratories, Inc., 
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Fairfield, New Jersey) on one side of a forked recording probe (Syntech, 

Netherlands) and both antennae tips placed in electrode gel on the other side of 

the fork (Figure 50, A).  This technique produced low sensitivity and a high level 

of background noise, problems which most likely stemmed from a poor 

connection between the foramen of the head and the conductive electrode gel.  

While the proboscis did not make contact with the opposite fork, it did make it 

difficult to keep a tight connection with the foramen due to the size and weight 

being supported.    

A third mount was modeled after the technique developed for plum 

curculio, Conotrachelus nenufar (Coleoptera: Curculionidae) by Leskey et al. 

(2009), with some modifications.  Whole insects were restrained, not unlike the 

Leskey et al. (2009) technique, but rather than inserting glass electrodes into the 

antennal club and the base of the head, connections were made by inserting the 

tips of an antenna and proboscis into the saline-filled glass probes (Figure 50 B).  

This approach yielded adequate sensitivity of EAG responses, but quite variable 

baseline noise, most likely associated with insect movements (several trials 

resulted in the adult pulling its antenna or proboscis out of the recording probes 

and severing the EAG connection). 

The fourth antennal preparation tested with C. sayi adults used a single 

excised antenna that was cut from the head at the attachment point of the scape 

and the antennal sulcus.  The end of the antenna was inserted into a saline-filled 

glass grounding probe, with the tip of the antenna making contact with the other 

recording probe (Figure 50 C).  This technique did not provide adequate 

sensitivity or low-level baseline noise, which might be due to the covering of 
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important chemoreceptors at the tip of the antenna, a poor connection between 

the scape and grounding probe or damage to the antenna during the cutting from 

the head.  It should be noted that C. sayi antennae appear to be rather 

hydrophobic and do not lend themselves well to saline-filled glass probe 

connections as there are no bare cuticle sections of the antennae as used by 

Sullivan (2005) for attachment points.  In addition, the prolonged sensilla 

trichodea (type II) described by Hatfield and Frazier (1976) on the antennae of 

the pecan weevil, Curculio caryae, the terminal-pore sensilla (type V) described 

by Alm and Hall (1986) on the antennae of the plum curculio, Conotrachelus 

nenuphar, and the sensilla trichodeum type I described by Bland (1981) on the 

antennae of the alfalfa weevil, Hypera postica, also appear to also be present on 

the antennae of the chestnut weevil and the size and length of these types of 

sensillae add additional difficulty to insertion of the tip of their antennae into 

glass probes. 

Lastly, the fifth antennal preparation examined utilized a similar 

technique to EAG studies with Lepidoptera, where antennae are laid across a 

forked probe (Syntech, Netherlands) using Spectra 360 electrode gel as a 

connection medium (Parker Laboratories, Inc., Fairfield, New Jersey) (Figure 50 

D).  This technique proved to be ideal as the preparation time was relatively 

short, the sensitivity was excellent and the baseline noise was quite low.  In this 

case, the antennae were not cut from the head, but rather the antennae were 

pulled from the head at a perpendicular angle to the point of insertion at the 

antennal sulcus.  This often resulted in the removal of neural connections 

stemming from the base of the antennae that would normally extend into the 
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antennal lobe and glomeruli (Figure 51).  Due to previous studies of similar 

weevil species, it was assumed that the chemoreception sensillae were uniform 

and arranged symmetrically in rings around the antennal club, thus by placing up 

to one-half of the side of the antennae into the electrode gel did not completely 

block any region of the antennae, but did cover half of the overall available 

sensillae numbers.  Thus two antennae were run in series across the recording 

probe to provide an accurate surface area of exposure to chemical stimuli, and 

this also avoided any pseudo-replication associated with using single antennae 

from the same insect in separate trials.  This antennal preparation was selected as 

the most reliable mount and was subsequently used in all of the EAG recordings. 

 
EAG Equipment and Setup 
  
 The weevil antennae were positioned across a forked probe (see Figure 50 

D) attached to a high-impedance electrometer and an indifferent grounding 

electrode (EAG Kombi Probe, type PRG-3; Syntech, Hilversum, Netherlands).  

The preparation was adjusted using a pair of “x-y-z” coordinate 

micromanipulators on magnetic bases with a fine joystick control of the right 

hand positioned (MP-15; Syntech, Hilversum, Netherlands).  A stream of 

humidified and charcoal-purified air was constantly passed over the antennal 

preparation (0.5 liters/min) through a 10 mm glass tube (constant air tube) that 

was flanged to 15 mm at the opening proximal to the antennae.  Stimuli were 

prepared and placed into 15 cm long, 6 mm diameter borosilicate glass Pasteur 

pipettes (puff cartridges), and the tips of these cartridges were inserted into the 

constant air tube, with the insertion point of the puff cartridge positioned 13 cm 
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from the end of the constant air tube where the antennal preparation was setup 

(Figure 52).  To minimize the affect of room or equipment vibrations, the 

micromanipulators were placed on a steel plate (3” x 12” x 18”) weighing 150 kg 

that was placed over a 2 cm thick rubber pad.  The steel plate also provided a 

magnetic surface for the secure attachment of the micromanipulators. 

 Antennal signals (depolarizations) were passed through a high-impedance 

amplifier in a two-channel acquisition system optimized for EAG and GC-EAD 

signals (IDAC-2; Syntech, Hilversum, Netherthlands), and recorded with Syntech 

software (GC-EAD 2010).  Three puffs of air (1 second duration at 100 ml/min) 

were delivered 30 seconds apart for each stimulus, with 1 minute allowed 

between every new puff cartridge treatment.  Fresh puff cartridges were prepared 

for each new antennal preparation.  The constant air tube was cleaned daily with 

hot, soapy water, then methanol and acetone rinsed before being allowed to air-

dry overnight.  Both constant airflow and air puffs were generated with a 

stimulus flow controller (CS-55; Syntech, Hilversum, Netherlands).  All 

amplitudes of the responses were measured as an absolute value, though several 

stimuli resulted in either a positive or negative antennal depolarization (Figure 

53).  Also, treatment order was randomized, and the time of each stimulus puff in 

relation to the age of the antennae was recorded along with the peak duration of 

the stimulation.    

 
EAG Analysis of Host Plant Tissue 
 

Plant tissue from the Qing cultivar of Chinese chestnut, Castanea 

mollissima, was collected at the University of Missouri, Horticulture and 
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Agroforestry Research Center (HARC) in New Franklin (Howard County), 

Missouri (39.02020 N, -92.76460 W).  These trees were grafted and 

approximately 15 years old, with 4 x 8 meter spacing.  Catkins were collected 

during June and frozen, while fresh burs, leaves and nuts were collected in 

September.  Sources of individual plant tissue stimuli were cut under a laboratory 

fume hood and placed into puff cartridges.   The individual plant tissues included 

small, cut sections of bur spikes, inner bur lining, the pericarp (shell) and pellicle 

(inner skin) of the nut, as well as the cotyledon (Figure 54).  Leaves and catkins 

were also cut to fit the individual puff cartridges.  Controls consisted of clean 

puffs of air from an empty puff cartridge.  The EAG response of C. sayi to host 

plant tissue was assessed for both males and females collected either in the spring 

or fall season.  Each stimulus tissue type was tested on the antennae of 5-10 

different insects per sex and season. 

 
EAG Analysis of with Individual Host Plant Volatiles 
 
 Fourteen volatile organic compounds (VOCs) tested in Y-tube olfactometer 

behavioral bioassays (see chapter IV) and that were also commercially available 

(Sigma Aldrich, St. Louis, Missouri) were selected to be examined using EAG 

procedures to ascertain the degree of physiological responses exhibited by C. sayi 

adults.  These compounds consisted of aldehydes, ketones, alcohols, terpenes and 

esters.  Each synthetic standard was high purity (≥ 95%).  For each stimulus, a 

single 1 µl droplet was pippetted onto a 1 x 1 cm piece of clean filter paper 

(Whatman No, 4; Whatman International, Maidstone, United Kingdom) that was 

inserted into a Pasteur pipette puff cartridge.  The control consisted of a piece of 
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filter paper of equal size treated with a 1 µl droplet of distilled water.  Each 

stimulus compound was tested on the antennae of 5-10 different insects per sex 

and per season. 

 In addition, some of the above tested VOCs (as well as some compounds 

from related weevil literature) were selected for a dose response trial.  The 

selected compounds were 2-heptanol, β-caryophyllene, (E)-2-hexenal, β-pinene, 

(E)-2-nonenol farnesence and ethyl-isobutyrate (Sigma Aldrich, St. Louis, 

Missouri).  Due to C. sayi having a large antennal response to preliminary n-

Hexane controls and treatment dilutions, even after 1 to 5 minute evaporation 

periods, dilutions were instead generated with laboratory grade mineral oil 

(Sigma Aldrich).  Stock solutions of three dilutions for each compound were 

prepared with a ratio of 1 µl compound to three volumes of mineral oil, low dose 

(1:1000 µl), medium dose (1:100 µl) and high dose (1:1 µl).  For each stimulus 

puff cartridge, 1 µl of a given dose was individually pippetted onto a 1 x 1 cm piece 

of filter paper (Whatman No. 4) and inserted into a Pasteur pipette puff 

cartridge.  The control consisted of a piece of filter paper of equal size treated 

with a 1 µl droplet of mineral oil.  Across the entire dose response trial, the test 

chemicals were delivered from the lowest to highest concentrations in order to 

minimize habituation and to avoid over stimulation of the antennae.   

 
Statistical Analyses 
      
 The mean amplitude (mV) of the electroantennogram responses 

(depolarizations) to each test stimulus were compared to the control by a one-

way analysis of variance (ANOVA) per sex per season (SAS Institute, Inc., Cary, 
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North Carolina).  Significance for mean separation was measured by calculating 

Fischer‟s least significant difference (LSD).  Amplitude data were transformed 

relative to the average control (air) response per antennal preparation.  This 

resulted in all the EAG amplitudes being reduced by a constant that was based on 

the average amplitude of the EAG response to the control puff stimulus across all 

antennae per sex or per season.  Some antennae were more responsive to air, 

possibly due to more exposed mechanoreceptors, but this was evened out across 

the entire data set by adjusting for the individual antennal response to the 

control.  EAG amplitudes were normalized by subtracting the average EAG 

response to the air puff control from that of the average EAG amplitudes that 

were generated from each of the test compounds. 

 
Results 

 
EAG Analysis of Host Plant Tissue 
 
 The sensitivity of C. sayi antennae towards VOCs emanating from small 

cut plant parts is reported in Figure 55.   Because there were no significant 

differences between male and female responses within each treatment for both 

spring- (P=0.540) and fall-collected (P=0.568) beetles, and no significant sex per 

season interaction (P= 0.635), the data were pooled for sex per season. 

 There were no significant differences in antennal sensitivity between the 

control (air), pericarp + pellicle tissue (P&P), and cotyledon tissue among the 

spring beetles (P = 0.137, P = 0.168, P = 0.155, respectively) (Figure 55).  

Conversely, the antennal responses of spring collected adults towards the bur 

spike (P ≤ 0.001), inner bur (P ≤ 0.001), leaf (P ≤ 0.001), and catkin tissues (P ≤ 
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0.001) were significantly greater than the control.  Interestingly, VOCs from the 

cut leaf tissue generated the highest (significantly) antennal response among the 

spring beetles, followed by statistically equal responses to the bur spike and 

catkin tissues (Figure 55). 

 For fall beetles (and somewhat surprisingly), there were no significant 

differences in antennal sensitivity between the control (air) and the VOCs from 

the reproductive tissues of pericarp + pellicle (P&P) and cotyledon (P = 0.167, P = 

0.217, respectively) (Figure 55).  However, the antennal responses towards the 

bur spike (P ≤ 0.001), inner bur (P ≤ 0.001), leaf (P ≤ 0.001), and catkin tissues 

(P ≤ 0.001) were significantly greater than the control.  The tissue types that 

generated the significantly greatest antennal responses among the fall beetles 

were VOCs from the bur spike and leaf tissues (Figure 55). 

 
EAG Analysis of Chemical Standards 
 

For spring-collected females, all seven chemical standards showed 

significantly higher antennal responses than the control treatment (Figure 56).  

Those compounds showing the significantly greatest responses (P<0.001) were 

Hexane, ethyl 2 methyl Butyrate, ethyl Isobutyrate, ethyl butyrate and ethyl 

Tiglate.  

 For spring-collected males, 8 out of 13 of the chemical standards showed 

significantly higher EAG responses than the control treatment (Figure 57).  The 

compounds with the significantly greatest responses (P<0.001) were (E)-2-

Hexenal, 2-Heptanone, and ethyl Butyrate. The compounds 2-Heptanol, ethyl 2 

methyl Butyrate, ethyl Isobutyrate and ethyl Tiglate were significantly greater 



 

146 
 

than the control at the P ≤ 0.01 level; whereas (E)-2-Hexenol was significant at 

the P<0.5 level (Figure 57) 

 Females collected in the fall showed a similar pattern to spring males, 

where 9 out of 13 chemical standards showed significantly higher EAG responses 

than the control treatment (Figure 58).  Compounds that were that were the most 

highly significant (P ≤ 0.001) were (E)-2-Hexenal, 2-Heptanone, 2-Heptanol, 

ethyl 2 methyl Butyrate, ethyl Isobutyrate, ethyl Butyrate, and ethyl Tiglate.   The 

four chemical standards that did not show a significant difference from the 

control were ethyl Butyric acid (P = 0.1649), (E)-2-Nonenol (P = 0.6360), ethyl 

Cinnamate (P = 0.7812), and ethyl 3 Hydroxyhexanoate (P = 0.1716) (Figure 58). 

 Males collected in the fall showed a significantly higher EAG antennal 

response to 10 out of the 13 chemical standards tested (Figure 59).  The 

compounds that were the most highly significant (P ≤ 0.001) were ethyl 2 methyl 

Butyrate, ethyl Isobutyrate, ethyl Butyrate, and ethyl Tiglate.   Three compounds 

that did not generate a significantly higher EAG response than the control were 

ethyl Caprylate (P = 0.2397), ethyl Cinnamate (P = 0.8199) and ethyl 3 

Hydroxyhexanoate (P = 0.1504) (Figure 59). 

 The data for both sexes across the two seasons can be seen in Figure 60.  

In general, females produced larger EAG responses than males from the same 

season (e.g. 2-Heptanone and ethyl 2 methyl Butyrate), though several 

treatments produced similar responses regardless of sex or season (e.g. ethyl 

Butyric acid and ethyl Tiglate).  Most that were not significant in one season were 

not significant in any season (e.g. ethyl Cinnamate and ethyl 3 

Hydroxyhexanoate); however, ethyl Caprylate generated significantly larger EAG 
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responses than controls for females in both spring and fall, but was not 

significant for males in either season.  There were six chemical standards that 

generated significantly larger EAG responses than the control in all trials 

regardless of sex or season, including (E)-2-Hexenal, 2-Heptanone, ethyl 2 

methyl Butyrate, ethyl Isobutyrate, ethyl Butyrate, and ethyl Tiglate.  It also 

should be noted that during the EAG trials, 10 of the 13 tested chemical standards 

generated either a positive depolarization or no response.  However, the 

compounds (E)-2-hexenal, ethyl butyric acid, and (E)-2-nonenol frequently 

generated negative depolarization responses.  

     
EAG Analysis of Dose Response 
 
 In the low (1:1000 ratio) and medium (1:100) dose trials, the only two 

compounds that generated significantly larger antennal responses (mV) than the 

control (air) were 2-heptanol and (E)-2-hexanal (Figure 61).  All other 

compounds were not significantly different.  Conversely, in the high dose trial (1:1 

ratio), five of the compounds generated significantly greater antennal responses 

(mV) than the control.  These compounds were 2-heptanol, β-caryophyllene, (E)-

2-hexanal, (E)-2-nonenol, and ethyl isobutyrate (Figure 61).  Several negative 

depolarization responses occurred in the high dose treatment with the 

compounds (E)-2-hexenal, β-caryophyllene and (E)-2-nonenol.  Two compounds 

that did not show any significant antennal responses, regardless of dose level, 

were β-pinene and farnesene. 
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Discussion 
 
 A major obstacle of this study was the selection of a technique that allowed 

for the antennal mount to be prepared rather quickly, yield a sufficient recording 

sensitivity, and yet remain viable (sensitive) for at least an hour.  Of the five types 

of antennal preparations that were tested with Curculio sayi, only one technique 

provided all of the above stated requirements.  This procedure involved pulling 

the antennae free of the antennal sulcus, rather than cutting the antennae at the 

base of the scape (as is typically done with beetle antennae).  This resulted in 

whole dendrites and axons being extended from the base of the intact antennae, 

and with this structural integrity of the cuticle the desiccation process was greatly 

reduced.  As such, this method provided an antennal mount for use with EAG 

studies that was able to last through standard length trials without diminishing 

amplitudes of response or confounding cellular degradation.  In addition, the 

success of this antennal mount suggests that C. sayi has a uniform arrangement 

of antennal sensillae, as has been found with other weevil species (Hatfield and 

Frazier, 1976; Bland, 1981; Alm and Hall, 1986), because sensitivity was still 

maintained in a high degree despite one side of the antennae being placed in the 

conductive gel. 

 The negative depolarization response that occurred with some treatment 

stimuli appears to be associated with dose response, i.e. only the highest dose of a 

compound (in the dose response study) or the high dose concentration of the 

compounds used in the chemical standards testing resulted in negative 

amplitudes.  Not surprisingly, the antennal responses to small cut pieces of whole 

plant tissue did not generate any negative depolarizations.  This suggests that the 
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concentrations of a compound that are higher than those found to occur naturally 

may result in a different antennal response, which may further lend to an 

explanation for the behaviorally repellent effect of some chemical stimuli in 

chapter IV.  Additional study is needed to confirm this correlation among 

negative EAG amplitude, dosage and behavioral attraction versus repellency for 

specific compounds.  Wee et al. (2008) does show a positive correlation between 

high doses and repellent behavior; however, no studies compare the direction of 

depolarization in connection with insect behavioral response. 

 The inability of nut tissue (both shell and cotyledon) to generate a 

significant EAG response in C. sayi is in agreement with data from the behavioral 

bioassays (see chapter IV), that is, C. sayi appears not to be attracted to VOCs 

emanating from its ovipositional site, the nut.  Moreover, there are relatively few 

volatiles released by the nut (chapter III), thus there may be a tactile or gustatory 

response to this plant tissue type, but not an olfactory cue.  Some of the early 

seminal literature dealing with C. sayi biology has suggested that the weevil is 

attracted to the nuts of the host tree (Brooks and Cotton, 1929; Johnson, 1956) 

because the eggs are laid inside the nut and the adults have been observed to feed 

directly on nut tissue.  

 Consequently, it was interesting to discover that VOCs from both the spike 

tissue on the outside of the bur, as well as VOCs coming from the tissue lining the 

inside the bur, generated significant EAG responses.  The importance of C. sayi 

attraction to burs has not been mentioned in the previous literature, and in fact, 

this plant material has received very little attention in chestnut weevil studies 
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worldwide, while the nuts have been extensively studied in relation to other 

chestnut weevil species (Desouhant, 1998; Desouhant et al., 2000; Menu, 2000). 

 Both chestnut catkin and leaf tissue VOCs resulted in significant EAG 

responses for C. sayi, regardless of sex and the season that they were collected.  

Future work is needed to identify the ecological importance of these two plant 

tissues for this insect.  While feeding on catkins (pollen) has been previously 

documented for C. sayi (Brooks and Cotton, 1929; Johnson, 1956; Keesey, 2007), 

the importance of VOCs from the leaves as an attractant has not been mentioned.  

In addition, the seasonal differences in EAG responses of C. sayi adults towards 

these two tissue types suggest these tissues may be more vital to the insect earlier 

in its life cycle.  For example, studies of the alfalfa weevil, Hypera postica 

(Guerra and Bishop, 1962; Tombes, 1963) have shown that its reproductive 

organs do not fully develop until the end of a summer diapause, though no 

evidence is presented as to whether this delay in development is determined by 

diet or time alone, but later studies suggest the influence of photoperiod (Ascerno 

et al., 1978).  The study of the reproductive development of the boll weevil, 

Anthonomus grandis, has shown the importance of nitrogen content to 

reproductive tissue.  Furthermore, Jones et al. (1993) have shown that pollen 

feeding by the boll weevil is an important strategy as measured by survival rates, 

fat body accumulation and reproductive development.  Thus it is possible that the 

consumption of catkins may play a necessary diet role in the reproductive 

development (including pheromone production?) in C. sayi adults. 

 In general, several of the individual compounds examined generated 

higher antennal responses (as measured in mean mV amplitudes) than the plant 
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tissue.  Of the 13 chemical standards that were examined in this study, seven 

compounds generated the highest responses (as related to their consistent 

strength in amplitude).  These compounds were (E)-2-hexenal, 2-heptanone, 2-

heptanol, ethyl 2 methyl butyrate, ethyl isobutyrate, ethyl butyrate and ethyl 

tiglate.  It should be noted that (E)-2-hexenol, an alcohol, did not generate the 

same strength of antennal response as the aldehyde (E)-2-hexenal, though the 

former is more important (in terms of EAG responses) for the plum curculio 

(Leskey et al., 2001; Leskey et al., 2009).  Regarding (E)-2-hexenal and (E)-2-

hexenol, these two compounds have been previously reported as generating a 

significant EAG response in the boll weevil, Anthonomus grandis (Dickens, 1984) 

and vine weevil, Otiorhynchus sulcatus (van Tol and Visser, 2002) and the grey 

corn weevil, Tanymecus dilaticollis (Toshova et al., 2010).  The compound 2-

heptanone has also been shown to generate significant EAG responses in the vine 

weevil, as well as α-pinene and β-pinene (van Tol and Visser, 2002).  Other 

insects, such as the Dipeteran, Anastrepha oblique Macquart (Cruz-Lopez et al., 

2006) has been shown to be attractive to ethyl butyrate and several other 

butyrate-derived compounds from its host fruit.  Also, ethyl butyric acid has been 

shown to be important in Hemiptera (Rojas et al., 2002), but was not 

significantly active based on EAG responses in C. sayi adults.    

 The similarity of the volatile chemical composition of closely-related plant 

species has not been commonly reported in the literature, and might lend to the 

understanding of the chemical ecology of similar insect species or of specialist 

versus generalist herbivores; moreover, research into the chemical ecology of 

similar plant-insect systems might lend to the understanding of the evolution of 
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certain plant-insect associations or the ability of invasive insect species to adopt 

new host plants in novel environments.  Also, no studies of the preference of C. 

sayi adults based on chestnut cultivar have been conducted, and these studies 

may affect the suggested plantings of chestnut trees in Mid-Missouri, similar to 

the studies conducted on the apple blossom weevil, Anthonomus pomorum 

(Kalinova et al., 2000), or the plum curculio, Conotrachelus nenuphar (Leskey et 

al., 2010).     

The importance of the chemical dose in determining the strength of EAG 

responses of C. sayi demonstrates the need for further study into the 

optimization of the concentrations of key compounds for use in monitoring or 

trapping regimes.  For example, data regarding the quantification of the naturally 

occurring concentrations of key compounds in plant material would complement 

and clarify data resulting from behavioral bioassays (chapter IV).  Additionally, 

the diurnal variation of C. sayi EAG responses as well as the diurnal variation in 

host-plant volatile release should be further studied, as these factors may 

influence the data in a similar manner to Lepidoptera studies (Casado et al., 

2006; Casado et al., 2008).  It should also be mentioned that the most successful 

use of semiochemicals controlling agricultural pests combine host-plant volatiles 

with insect-produced pheromones (Bruce et al., 2005; Tholl et al., 2006).  As 

such, future research should also examine the VOCs emanating from C. sayi 

adults, in an effort to determine the presence and identity of any sex or 

aggregation pheromone, similar to the studies of the pecan weevil, Curculio 

caryae (Hedin et al., 1979), pine sawyer beetle, Monochamus galloprovincialis 
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(Ibeas et al., 2008), or the cerambycid beetle, Neoclytus acuminatus (Lacey et al., 

2008).   
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Figure 50: Four out of the five weevil antennal preparations that were examined 
to determine the most appropriate mount for EAG studies with Curculio sayi 
adults.  The mounts shown are a whole head mount (A), probes contacting 
antenna and rostrum (B), probes with a single antenna (C).  The most reliable 
(successful) mount consisted of placing two individually excised antennae across 
a forked EAG probe using an electrode gel as the connection medium (image D).  
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Figure 51: Single antenna of a Curculio sayi adult used in the EAG antennal 
preparations (see Figure 50 D) showing the neural connections.  
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Figure 52: Schematic representation of the antennal preparation across the 
forked recording probe in association with constant air delivery tube and air puff 
cartridge used for stimuli in EAG recordings of Curculio sayi adults. 
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Figure 53: The representative antennal responses shown with „GC-EAD 2010‟ software (Syntech, Hilversum, 
Netherlands) with three types of observed responses.  The top line displays the recorded electrical response of the 
antennae, and the bottom line displays the air puff stimulus events.  (A) Control air puffs resulting in little stimulation of 
the antennae.  (B) Treatment stimulation puffs of the antennae resulting in a positive depolarization.  (C) Treatment 
stimulation puffs of the antennae resulting in a negative depolarization.  All amplitude data were compared statistically 
using absolute values.  
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Figure 54: Sections of the reproductive tissues of chestnut used for host plant EAG testing of Curculio sayi adults.  (A) 
Open bur with tissue types labeled.  (B) Schematic of the cross-section of the reproductive tissues of chestnut.  (C) A nut 
with tissue types labeled.   
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Figure 55: Average antennal response (mV) of Curculio sayi adults (sex data pooled) to various plant tissues across two 
seasons (spring and fall).  Means followed by the same letter per treatment in spring (a, b, c, d) and fall (x, y, z) are not 
significantly different (P = 0.05, Fischer‟s LSD).  An asterix denotes significant differences between seasons within 
treatment.  
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Figure 56: Average antennal response (mV) of adult female Curculio sayi collected in the spring to several VOCs 
identified from chestnut. Asterisks denote statistically significant differences from the control (Fischer‟s LSD; P ≤ 0.05 (*), 
P ≤ 0.01 (**), P ≤ 0.001 (***)).  
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Figure 57: Average antennal response (mV) of adult male Curculio sayi collected in the spring to several VOCs identified 
from chestnut. Asterisks denote statistically significant differences from the control (Fischer‟s LSD; P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***)). 
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Figure 58: Average antennal response (mV) of adult female Curculio sayi collected in the fall to several VOCs identified 
from chestnut. Asterisks denote statistically significant differences from the control (Fischer‟s LSD; P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***)).  
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Figure 59: Average antennal response (mV) of adult male Curculio sayi collected in the fall to several VOCs identified 
from chestnut. Asterisks denote statistically significant differences from the control (Fischer‟s LSD; P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***)). 



 

 
 

16
4 

 
Figure 60: Average antennal response (mV) of Curculio sayi adults collected in the spring and fall to several VOCs 
identified from chestnut.
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Figure 61:  Average antennal response (mV) of Curculio sayi adults collected in 
the fall separated by three doses of VOCs identified from chestnut. Asterisks 
denote statistically significant preferences using an analysis of variance (ANOVA) 
with Fischer‟s least significant difference (P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 
(***)).  
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CHAPTER VI: 
SUMMARY AND CONCLUSIONS 

 
 
  

The most abundant volatile organic compounds (VOC) from chestnut 

reproductive plant tissues (catkin, nut and bur) were identified with gas 

chromatography and mass-spectrometry (GC-MS), and a total of 45 compounds 

were identified.  The nut tissue generated the smallest number of volatile 

compounds, while the burs and catkins generated the most.   

Behavioral bioassays were conducted with adult Curculio sayi using whole 

chestnut plant tissues (leaf, catkin, nut and bur) to assess the response of this 

highly-host specific pest to different host plant tissues types.  Those studies 

demonstrated a consistent attraction to catkins across sex and the season 

collected.  There was no significant attraction or repellency to leaves in the 

bioassays for either sex across season, but there were a very low number of 

insects not making a choice, perhaps suggesting a general attraction to leaf tissue 

without the ability to orientate to this plant material at close range.  Testing over 

a larger distance of attraction, for example in a wind-tunnel, might yield more 

accurate behavioral responses for C. sayi to chestnut leaves.  The burs were only 

significantly attractive to adult females that were collected in the fall; however, 

more insects went to the burs than controls in all trials, which may have been 

significant for all insects, regardless of sex or season, at slightly higher sample 

sizes.  Additionally, the electrophysiological response of the antennae of C. sayi 

adults was tested with plant tissue using an electroantennogram (EAG).  These 

data sets were quite similar to the behavioral bioassays in that C. sayi did not 
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show a significant EAG response to the nut shell or nut lining (pericarp + 

pellicle), nor to the nut cotyledon.  Moreover, the EAG responses of this insect to 

burs, catkins and leaves were all significant, including both males and females 

across both seasons of insect collection.  The largest EAG responses were 

recorded from leaf tissue, with bur and catkin tissues both generating very high 

EAG responses as well.  Therefore the behavioral bioassay and EAG data 

associated with chestnut plant tissue demonstrated that the insect does not 

respond directly to the ovipositional site (nut tissue), but rather more strongly to 

the leaves and the spiked bur encasing the nuts, as well as the spring 

inflorescences (catkins).  Further studies should focus on the importance of these 

three tissue types in the lifecycle of this pest.     

The behavioral bioassays associated with individual VOCs did not generate 

very many attractive responses by C. sayi adults; moreover, these bioassays 

generated a large number of significantly repellent behavioral responses.  This 

might be due in large part to high concentrations being used of high-purity VOCs 

(Henzell, 1974; Hibbard and Webster, 1993), which are perhaps much higher 

than those encountered in nature.  There were seven individual VOCs from 

chestnut that were found to be important for C. sayi adults based on EAG data, 

including (E)-2-hexenal, (E)-2-hexenol, 2-heptanone, 2-heptanol, ethyl 

isobutyrate, ethyl butyrate, ethyl 2-methyl butyrate and ethyl tiglate (Figure 62).  

Each of the three plant tissues that were analyzed for their VOC profile (nut, bur 

and catkin) provided four compounds of interest and all of these compounds 

were also significant in behavioral bioassays; however, the behavioral bioassays 

pointed towards many terpenes being important as well, though only one of the 
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tested terpenes generated significant EAG responses in C. sayi adults during our 

trials.  This terpene was β-caryophyllene, and was only found to be significant in 

the dose response EAG trails at the highest concentration (Figure 44).  Thus it 

appears that the aldehydes, ketones, alcohols and esters that were tested are 

more important for this plant-insect interaction than any of the tested terpenes, 

but it should be noted that only major components of the VOC profile of these 

tissues were identified, and it is possible that minor components play an 

additional role in host location by this insect.  

There were several differences between male and female responses to 

plant tissues and individual VOCs, as well as significant differences between 

those insects collected in the spring compared to those from the fall season.  A 

qualitative analysis of the reproductive organs of C. sayi adults revealed distinctly 

apparent differences between the spring and fall seasons, similar to the literature 

on the plum curculio (Leskey, 2008).  It is currently unknown what role this 

delayed reproductive development may play in the lifecycle of C. sayi, though 

these differences could be related to dietary intake or a summer diapause similar 

to those found in other weevil species (Hilliard and Keeley, 1984; Hoffmann et 

al., 2004). 

This is the first study to analyze EAG and behavioral responses of an insect 

over such a large timeframe.  While it has been previously reported that an insect 

species might use its antennae to detect environmental differences over time, and 

though it is likely that the same basic mechanisms for VOC reception are in place, 

it now seems likely that this insect can adjust its response according to changes in 

plant phenology over time.  
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Figure 62: Venn diagram of the most important chestnut VOCs from EAG trials 
and behavioral bioassays arranged by the plant tissues that they were found to be 
released by. Each plant tissue type released four compounds of interest, with the 
most overlap found between bur and catkin tissues.  
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