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Abstract

The role of ratio integrity between volatile semiochemicals (behaviour 

modifying chemicals) in host plant selection was investigated using the pea and bean 

weevil, Sitona lineatush., as the model insect. The quantification of the attraction of 

S. lineatus to traps baited with modified ratios of host ( Vicia fabâ) semiochemicals 

together with synthetic aggregation pheromone was evaluated statistically. The bait 

mixture contained 3 hexen l ol, 3 hexenyl acetate, 1 octen 3 ol, 2- 

phenylethanol, beta caryophyllene, benzyl alcohol, alpha terpineol, hexanal, linalool 

plus the pheromone, 4 methyl 3,5 heptanedione.

The results of a physico-chemical properties study were exploited to 

develop a stable release medium for semiochemicals of S. lineatus. In particular, the 

Abraham general solvation equation was used to model the transfer properties 

involved in the evaporation of a compound from a glass vial. A multiple linear 

regression analysis was performed between the Abraham descriptors and the rate 

constant for the loss of compound from a glass vial. Though, no utilizahle correlation 

was found.

The performance of the glass vial release medium developed was compared 

to a polythene closure (“Polyhag”) system. S. lineatus were not significantly 

attracted to the 9 compound bait mixture in the absence of the aggregation 

pheromone. When the ratio of ( ^  3 hexenyl acetate to ( ^  3 hexen"l ol was modified 

in favour of (.^ 3 hexenyl acetate, the baits became less attractive to S. lineatus. 

Other minor modifications of the bait mixture were also tested hut found not to 

decrease the attractiveness of the mixture.

The results suggest, and support, the idea th a t host plant selection involves 

the detection of ubiquitous compounds and it is the ratios of the key components that 

are required for specificity.
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Chapter 1. An introduction to chem ical ecology

C h a p t e r  1

A N  I N T R O D U C T I O N  T O  C H E M I C A L  E C O L O G Y

Chemical ecology is concerned with the biochemicals (called 

semiochemicals, see below for definition) tha t are produced and released by 

organisms th a t have physiological and behavioural effects on other organisms. All 

organisms use chemical signals to transm it information; thus “chemical languages” 

are the oldest form of communication (Byers, 2003).

Chemical ecology is often an interdisciplinary research area of study 

involving several branches of science. However, it can equally involve specific 

studies in areas such as biochemistry, molecular biology, physiology, behavioural 

ecology or population ecology. The website of the International Society of Chemical 

Ecology (ISCE) declares-

“...Research in the field of chemical ecology is concerned with the identification and 
synthesis of the substances which carry information, with the elucidation of 
receptor and transduction systems which recognise and pass on these 
“semiochemicals”, and with the developmental, behavioural, and ecological 
consequences of these chemical signals.”

1.1. SIGNAL CHEMICALS * SEMIOCHEMICALS

Many plant compounds act as signal chemicals or semiochemicals. 

Although there is an emphasis on volatile semiochemicals in this study, involatile 

compounds can also be used as semiochemicals. The word semiochemical is 

derived from the Greek word simeon, meaning “a mark or signal” and was first 

used by Law and Regnier in 1971. Semiochemicals are signal chemicals th a t act in 

communication between organisms and their environment. Semiochemicals are 

separated into two major divisions. Firstly, there are pheromones, which have 

actions on members of the same species (intraspecific action). Secondly, there are 

allelochemicals, which have actions on members of different species (interspecific 

actions) (Whittaker and Feeny, 1971).

The word pheromone has its origin in the Greek phereum  “to carry” and 

horman, “to excite or to stimulate” (Nordlund, 1981). A pheromone is a chemical
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that an animal excretes or secretes which elicits a specific behaviour in members of 

the same species. Most pheromones consist of two or more chemicals tha t need to 

he combined in precise proportions to he biologically active. Pheromones are 

divided into chemicals th a t induce an immediate behavioural change th a t are 

called releasers, and chemicals th a t initiate changes in development which are 

called primers. Primers, as such, have no immediate behavioural change 

associated with them (Weaver, 1978a).

The other major division of semiochemicals is the allelochemicals, which 

can be defined as chemicals tha t are significant to organisms of a species different 

from their source, for reasons other than food as such (Nordlund and Lewis, 1976). 

Members of one subdivision of the allelochemicals are known as Kairomones. 

Kairomones are chemicals tha t are produced or acquired by an organism which, 

when it contacts an individual of another species in the natural context, evoke in 

the receiver a behaviour or physiological reaction th a t benefits the receiver and 

disadvantages the emitter (e.g. chemicals tha t attract parasites or predators to 

their hosts).

A second subdivision of the allelochemicals is the allomones. These are 

chemicals tha t evoke in the receiver behaviour or physiological reaction adaptively 

favourable to the em itter but not the receiver (e.g. defensive secretions against 

enemies). A third subdivision of the allelochemicals is the synomones. These are 

chemicals tha t are beneficial to both the emitter and receiver (e.g. floral scents that 

attract pollinators) (Nordlund and Lewis, 1976).

Semiochemicals transm itted through the air are volatile, lipophilic 

molecules of low molecular weight. Most Semiochemicals have between five and 

twenty carbon atoms combined with 2 or 3 heteroatoms such as oxygen, sulphur or 

nitrogen (Pickett and Woodcock, 1991). Semiochemicals have a biologically active 

range between 10^° to 10  ̂ grams at the insect antennal receptor (Metcalf, 1998). 

Krishnaswamy (1999) suggests th a t the leaf cutting ant, A tta  texana, can detect 

its trail odour a t concentrations as minuscule as 0.08 x 10^^ g (picograms) per cm .̂

Positional-, geometric and optical- isomerisms can strongly influence 

activity in semiochemicals. In positional isomerism, the number of carbon atoms 

between the double bond and the terminal alcohol group can allow species to 

distinguish signals released by members of its own species from signals of other
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species (Stevens, 1998), and thereby minimise mating attempts with the wrong 

females (example shown in figure 1.1).

Figure 1.1. An example of positional isomerism. 8 dodecen 1 ol (structure on the 

left) is emitted by the oriental fruit moth {Grapholita molesta) and is a positional 

isomer of 9 dodecen l oi (structure on the right), emitted by the Douglas fir cone 

moth {Barbara colfaxiana).

Geometric isomerism is the product of unsymmetrical substituted double 

bonds. The isomers are named after determination of the substituent of highest 

priority on each side of the bond in question using the Cahn Ingold Prelog system. 

If these substituents are on the same side of the bond, it is termed Z-, and the term 

E ' is used for substituents on opposite sides of the bond (Chambers, 1988). Insects 

can distinguish between the isomers and may only respond to one of them. For 

example, (%^9 tetradecen-1 ol is used by a sunset moth {Epiplema plagifera) an 

attractant, whilst the (ZH^omev is used by the sunflower moth {Homoeosoma 

electelluni) (Stevens, 1998). Furthermore, the wrong isomer can switch off the 

effect of the correct one or, in extreme cases, repel.

Optical isomerism is encountered when compounds possess chiral centres. 

Again the Cahn Ingold Prelog system is used to assign configuration. Chiral 

centres are viewed with the substituent of lowest priority away from the viewer. 

The configuration is said to be R- if the other substituents in order of decreasing 

priority are arranged clockwise. Otherwise, if they are arranged anticlockwise, the 

configuration is S'. Insects respond to different optical isomers in a number of 

ways. Mori (1989) categorised the responses of insects presented with a single 

enantiomer (homochiral) compound into eight types of response. These categories 

were as follows^

a) Only one enantiomer is bioactive, and the antipode does not inhibit the action 

of the pheromone. E.g. (361 4R) faranal used by Pharaoh’s ant {Monomorium 

pharaonis).
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b) Only one enantiomer is bio active, but the antipode or diastereomer inhibits the 

action of the pheromone. E.g. {7R, 8S)*disparlure used by the gypsy moth 

{Lymantria dispajd.

c) All stereoisomers are bioactive. E.g. German cockroach {Blatella germanica) 

pheromone components 3,11 dimethylnonacosanone and 29 hydroxy 3, 11- 

dimethylnonacosanone.

d) Even in the same genus, different species use different enantiomers. E.g. W- 

ipsdienol used by Californian hve spined engraver {Ipsparaconfusus) compared 

to (A) ipsdienol used by Eastern six spined engraver (/. Calligraphus).

e) Both the enantiomers are required for bioactivity. E.g. the ambrosia beetle 

{Gnathotrichus sulcatus) requires both W  and (*  ̂ sulcatol.

f) Only one enantiomer is active as the natural pheromone, but its activity can be 

enhanced hy the addition of a less active stereoisomer. E.g. the red flour beetle 

{Tribolium castaneuni) uses {AR, 8R) 4,8 dimethyldecanal as a sexual 

attractant. Its activity can be increased by the addition of the {AR, 8S)- 

diastereomer (Stevens, 1998).

g) One enantiomer is active on male insects, while the other is active on females. 

E.g. l,7 dioxa Spiro [5,5] undecane and Olive fruit flies {Dacus oleae) in which 

the (A) isomer is active on males and the (6) isomer is active on females.

h) Only the meso isomer (optically inactive isomer due to molecular compensation) 

is active. E.g. Tsetse fly {Glossina pallidipes) pheromone m esal^y  23 dimethyl- 

pentatriacontane.

1.2. INSECT PERCEPTION OF SEMIOCHEMICALS

Circa 20 of the ubiquitous, identifiable compounds in plants occur at 

physiologically relevant levels for insects to use in host plant selection [see chapter 

1.4] (John Pickett, personal communication). Host plant selection involves the four 

main senses of smell, taste, sight and touch. However, the one upon which this 

work concentrates is the sense of smell or olfaction.

1.2.1. The sense of smell or olfaction

The olfactory organ in insects is principally the antenna. Insect antennae 

are paired organs found on either side of the insect’s head. Jointed or filamentous 

antennae have three sections; the scape which is proximal to the head, a short
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middle section known as the pedicel, and the distal section, or flagellum, which is 

often long and filamentous (Schneider, 1968). The functional success of the 

antennae is a consequence of its ability to move in all directions, its nerve channels 

connected directly to association centres in the midbrain, and the diversity of the 

hairs, sensilla, and pore plates that typically cover the flagellum (Metcalf and 

Metcalf, 1992).

The perception of olfactory stimuli in insects is mediated via external 

specialised olfactory organs called sensilla. Sensila can resemble hairs, and for the 

most part are located on their antennae [see figure 1.2]. An olfactory sensillum is 

shown in figure 1.3. The structure is similar to tha t of a contact chemoreceptor 

apart from the dendrite sheath, which extends from the bottom of the hair cavity 

inside to the base of the hair. In addition, single dendrites leave the dendrite 

sheath and extend into the hair cavity, terminating just below the cuticular pores. 

The number of olfactory cells or neurones in a sensillum may vary. Those 

responding to plant odours often have two or three sensory neurons. Grasshoppers 

posses two types of morphologically distinct olfactory sensilla, one has three 

sensory neurons, whilst the other may have as many as 30 (Bernays and 

Chapman, 1994).
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Diagram o f an aphid antenna showing olfactory sensilla. (A) Distal primary rhinarium; 
(B) proximal primary rhinarium; (C) secondary rhinaria; (D) contact chemoreceptors (bar =  0.25  
mm).

Figure 1.2. Diagram of an insect antenna (from Pickett et a l, 1992).
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I

« A g

Figure 1.3. Diagram of an olfactory sensillum.

Note- The size is greatly exaggerated compared to reality. Scheme shows 

one sensory cell surrounded by auxiliary cells. Only beneath the cuticle 

level (hatched on diagram) is shown.
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Insect pheromone studies have shown th a t the pheromone molecules are 

absorbed by the sensilla on the antennae, leading to an increase in the 

concentration of odorant molecules (Kanaujia and Kaisshng, 1985), which then 

travel along the pore tubules into the lymph filled lumen (Roelofs, 1984; 

Steinbrecht e t al., 1996). This transport of the hydrophobic molecules across the 

lymph to the receptor neurons is facihtated by odorant-binding proteins (OBPs) 

(Steinbrecht, 1998; Krieger and Breer, 1999). OBPs have been divided into two 

groups, the pheromone binding proteins (PBPs) and the general odorant binding 

proteins (GOBPs) tha t transport odorant molecules for other species, for example 

host volatiles (Briand e t a l, 2002).

Another group of binding proteins beheved to be involved in chemical 

communication is the chemosensory proteins (CSPs) (Picone e t a l, 2001; Briand e t 

al., 2002; Lartigue e t al., 2002). These are ubiquitous small proteins and are 

receiving attention as they are present in the sensory organs of a wide range of 

insects and show a high level of homology between insect species. However, their 

function is not yet fully elucidated (Briand e t al., 2002).

Once odorant molecules arrive at the G protein coupled olfactory receptors, 

binding occurs producing an action potential in the associated neuron th a t is then 

transferred to the central nervous system. The action potential is a transitory 

change in membrane potential lasting between 2 and 3 milliseconds. For the most 

part a sensory cell may produce action potentials for a very short time, frequently 

less than  a second, even when the stimulus is still occurring. If the production of 

action potentials is extended beyond this time, the cell becomes adapted and will 

require a period without any stimulus before it can respond again with a 

comparable level of activity (Bemays and Chapman, 1994).

The exact nature of how an odorant triggers a behavioural response is 

under investigation and the focus of much debate (Steinbrecht, 1998; Krieger and 

Breer, 1999; Malnic e t al., 1999; Lartigue e t al., 2002). Malnic e t al., 1999 

advocate a combinatorial code to distinguish between different odors, thus allowing 

one odorant molecule to be recognised by a number of olfactory receptors all 

feeding information to the brain.
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1.2.2. Methods used to investigate olfaction

The perception of semiochemicals is usually investigated using 

electrophysiological recording techniques such as the electroantennogram (EAG), 

which was pioneered by Schneider in 1957 using the silk moth {Bombyx man). 

This technique measures the changes in the slow olfactory receptor potential 

between two glass capillary microelectrodes positioned at the base and tip of the 

antenna in response to a chemical stimulation.

By 1969, Schneider had discovered th a t the negative potential of these 

slow electrical reactions of the dendrites was in fact a receptor membrane 

depolarisation. Schneider also elucidated th a t the amplitude of the response, 

which also correlates to the frequency of the generated nerve impulses, increased 

with an increasing concentration of chemical stimulus up to the point where 

saturation occurred.

While EAG can provide some information on the specificity of an insect 

olfactory receptor, a more comprehensive understanding of the perception of 

olfactory stimuli can be obtained by recording from a single olfactory cell or neuron 

(SCR) (Schneider, 1969; Wadhams, 1982 & 1984). Placing the indifferent tungsten 

microelectrode in the mouthparts of the insect and manipulating the recording 

electrode into the surface of the antennal club until impulses are recorded is the 

method used to record the action potentials generated by the receptor cells of 

individual sensilla (Wadhams, 1984). SCR can also be coupled to GC and has 

proved extremely useful in the biological monitoring of gas chromatograms, as 

exemplified by Wadham’s (1982) study of the aggregation pheromone of the bark 

beetle, Scoltytus scolytus.

EAG has proved very useful for pheromone research and is now used as a 

rapid and convenient screening procedure (Roelofs, 1984). EAG can be coupled to 

the resolution power of gas chromatography (GC) (Struble and Arn, 1984). In GC- 

EAG the column effluent is split and simultaneously monitored by EAG and the 

GC’s detector. Since an insect’s antenna acts as the sensing component, the term 

electroantennographic detector (EAD) was suggested for this technique.

1.3. PLANT VOLATILE COMPONENTS

Plants generally contain 200 300 identifiable volatile compounds. These 

are mostly constitutively produced and can leave the plant at surface structures.
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The stomata are generally the principal gateways, allowing many volatile 

components to leave the plant. The plant has little control over this route of loss, 

since it is linked to transpiration and the respiratory related regulation of stomatal 

opening. The mixture of volatile compounds released will include compounds 

specific (characteristic) to the plant. For example, the isothiocyanates characterise 

members of the Brassicaceae (=Cruciferae). Many of these volatile components act 

as signal chemicals or semiochemicals [see chapter l.l] .

Sampling techniques such as air entrainm ent or headspace analysis are 

routinely used to investigate the volatiles around plants (see chapter 3 and 

references therein; Knudsen, Tollsten and Bergstrom, 1993). For example, the 

main components comprise 33 volatile compounds in the storage roots and aerial 

parts of sweet potato (Wang and Kays, 2002), and 34 volatiles were identified in 

whole plant headspace analyses of Brassica and Sinapis (Tollsten and Bergstrom, 

1988). On the other hand, there were 70 volatile components identified in the 

headspace analysis of Echinacea species samples (Mazza and Cottrell, 1999).

1.4. HOST PLANT SELECTION

Dethier (1982) wrote*

“...The continuing prosperity of contemporary herbivores indicates tha t the plant 
or plants with which each became associated is/are nutritionally and ecologically 
adequate at the very least. Maintenance of these associations requires on the part 
of each herbivore th a t it “recognise” its host plant.”

Insects have the greatest number of species of any class of organism on 

earth. Plants constitute the greatest biomass on land. Almost half of the insect 

species feed on plants and are termed phytophagous (synonymous with 

herbivorous). More precisely, 400,000 phytophagous species live on 300,000 

vascular plant species (Schoonhoven, Jerm y and van Loon, 1998). Studies on the 

relationship between insects and plants in agricultural systems are peculiar in that 

they do not involve the insect’s original ecosystem. This is largely due to the use in 

agriculture of large areas of monocultures and host plants of very high food quality 

(Visser, 1986).

Insects such as lepidopterous larvae, Hemipterans and Coleopterans that 

only exist on one or a few closely related plant species are termed monophagous 

insects. Some members may even limit themselves further by feeding only on
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specific parts of the plants (Thorsteinson, I960; Weaver, 1978b; Visser, 1986, 

Bernays and Chapman, 1994). Insects such as the green peach potato aphid 

{Myzus persicae) that exhibit little choice and accept many plants belonging to 

different plant families are termed polyphagous.

Intermediate insects such as the cabbage white butterfly {Pieris brassicae) 

or the Colorado potato beetle {Leptinotarsa decemlineata), who feed on a number of 

plant species, though all belonging to the same plant family, are termed 

oligophagous (Schoonhoven, Jermy and van Loon, 1998). These classifications are 

not definitive, and a continuum emerges between them. Consequently many 

researchers prefer the more convenient terms of specialist (broadly, monophagous 

and oligophagous species) and generalist (polyphagous species) (Schoonhoven, 

Jermy and van Loon, 1998).

Host plant selection has often been divided into “host plant finding” and 

“host plant acceptance” after the original work of Thorsteinson published in 1960. 

The former concept requires an insect to detect and locate a host plant from a 

distance. The later concept requires the insect to confirm the appropriateness of 

the plant in terms of its species and quality (Bernays and Chapman 1994). Host 

plant acceptance is generally achieved upon alighting (landing) on the host. 

Whereupon, contact chemoreception will involve the detection of less volatile 

compounds to assess the plant for the appropriate feeding, mating and/or 

oviposition cue. In this thesis, I use the more modern term host plant selection to 

encompass both Thorsteinson concepts.

Host plant selection is a multifaceted sequence of behaviours in response 

to an assortment of visual, mechanical, gustatory, and olfactory stimuli produced 

by host and non host plants (Miller and Stickler, 1984; Visser, 1986; Pickett e t al., 

1992; Schoonhoven, Jermy and van Loon, 1998). During the sequence, information 

is processed by comparison to the insect’s own internal standards, and re evaluated 

on the basis of this comparison (Renwick, 1989). After re evaluation, the insect 

may continue on its original course of action or decide to adjust its behaviour 

(Visser, 1986). Thus, Miller and Strickler (1984) emphasize the process’s 

adaptability,

“...an insect can progress through the steps, remain for an extended time at a step, 
or regress to any prior step in the sequence if conditions do not stimulate 
progression.”
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The attraction of an insect to a host plant from a distance is a complex 

process involving olfaction or vision or elements of both senses. There is evidence 

tha t a plant’s volatile profile may be taxon- specific (Esteban, Martinez-Castro and 

Sanz, 1999; Roussis e t al., 2000; Levin, Raguso and McDade, 2001; Pichersky and 

Gershenzon, 2002) and in tha t respect insects may be attracted to a general profile 

th a t a specific host emits. The physical attributes of a plant such as colour or 

shape are less perpetual, since they vary even within members of the same species. 

Therefore, the visual element becomes most pertinent in the context of a specific 

odour.

Authors such as Visser (1986) and Bernays and Chapman (1994) have 

inferred th a t odours continue to play a pivotal role as short-range cues in host- 

plant acceptance. Concentration gradients of plant odours will only truly exist in 

the first few millimetres around the leaf known as the boundary layer and might 

include virtually involatile long chain esters from the plants wax layer (Bernays 

and Chapman, 1994). Odours here will be in much higher concentration than at 

greater distances from the plant, largely as they will not be swept away by 

turbulence or other air currents (Bernays and Chapman, 1994; Murlis, Elkinton 

and Carde, 1992).

Insects use the plant volatiles as a chemical message giving information 

about the emitting plant. There is evidence tha t intraspecific variation in volatile 

production occurs (Takabayashi and Dicke, 1996). Variation even occurs within 

the same plant in response to biotic and abiotic factors (Takabayashi, Dicke and 

Posthumus, 1994; Jakob sen and Olsen, 1994; Gouinguene and Turlings, 2002), 

particularly a t different developmental stages (Jerkovic, Radonic and Borcic, 2002) 

or with circadian cycles (Loughrin e t ah, 1991; Jakobsen and Christensen, 2002).

The plant 'touquet” will change in response to feeding damage caused by 

herbivores and is likely to become more complex, with additional novel compounds 

(McCall e t a l, 1994; Dicke, 2000). The volatiles the plant emits after becoming 

damaged will be derived from at least three different biochemical pathways. First, 

the “green leaf volatiles” [see chapter 2.3] derived from the octadecanoid pathway 

(Noordermeer e t al., 2001). Second, the various terpenoids derived from the 

mevalonate and non mevalonate isoprenoid pathways. The third pathway 

produces volatile molecules tha t are derived from shikimate, such as methyl 

salicylate or indole (Kessler and Baldwin, 2002).
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Research has shown that the bouquet emitted after mechanical damage 

differs from th a t induced by herbivore damage (Turlings, Tumlinson and Lewis, 

1990), Much attention has been focused on the subsequent attraction of natural 

enemies in response to the emitted chemicals acting as kairomones (Turlings e t aL, 

1990; Takabayashi and Dicke, 1996; Alborn e t aL, 1997; De Moraes e t aL, 1998, 

Glinwood, Powell and Tripathi, 1998, and Chamberlain etaL , 2001). However, the 

altered volatile profile may deter other herbivores (Pallini e t aL, 1997; De Moraes 

e t aL, 2001; Kessler and Baldwin, 2001) or actually attract more herbivores to the 

location (Loughrin e t aL, 1995, 1997).

1.4.1. O ther factors affecting host p lan t selection

Ecological factors and the physiology of the insect itself are two features 

th a t can influence the mechanisms of host plant selection. The ecological factors 

are usually divided into biotic factors such as the insect’s interrelationship with 

other insects and abiotic factors such as wind or temperature. Physiological factors 

would include the insects changing nutrient requirement during its developmental 

stages as well as the insects shifting preferences over shorter time intervals in 

response to its physiological state.

One biotic factor of particular interest is the influence of other plants in 

the community. In some scenarios non host plants make host plant finding 

difficult as the odours from the non host mask the host. Moreover, the non host 

odours may be repellent to the insect. The non host plants may also disrupt the 

visual cues providing camouflage of the host plant or changing the host plants 

contrast to its background (Bernays and Chapman, 1994; Finch and Collier, 2000). 

These aspects have been addressed in a number of hypotheses regarding host plant 

selection (reviewed in Finch and Colher, 2000).

1.4.2. Avoidance of unsuitable p lants

Host plant odours are utilised by an insect in avoidance of unsuitable 

plants (Blaakmeer e t aL, 1994; Barata e t aL, 2002). As early as 1978, Visser and 

Avé hypothesized th a t a complex of volatiles rather than a single compound, were 

essential for the olfactory orientation of the Colorado beetle {Ijeptinotarsa 

decemlineata). Visser and Avé masked the host plant odor by artificially changing 

the relative proportions of components. They achieved this task by adding small
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quantities of the minor components and by using alternative geometrical isomers. 

A few insects, as exemplified by the Colorado potato beetle {L. decemlineata), are 

now known to avoid unsuitable host plants by the detection of ratios of common 

plant components tha t are not normally encountered in tbeir hosts (Tbiery and 

Visser, 1986; 1987).

Pickett, Smiley and Woodcock (1999) in reviewing tbeir previous research 

reiterate tha t the specificities of sensory interactions involved in host plant 

selection are also employed in non-host avoidance (Picket, Wadbams and 

Woodcock, 1995, 1998). For example, the cabbage aphid {Brevicoryne brassicae) 

and the turnip or m ustard aphid {Lipaphis erysimi) th a t colonise members of the 

Brassicaceae, share the same, specific olfactory cells for the isotbiocyanates as 

Aphis fabae which does not normally feed on these host plants (Pickett, Smiley and 

Woodcock, 1999). Moreover, the isotbiocyanates were shown to be repellent to A. 

fabae and have the ability to mask the attractancy of the aphids’ host plant odours 

(Nottingham e t aL, 19911 Hardie e t aL, 1994).

Avoidance of non-host plants is paramount to the survival strategy of

many insects. De Groot and MacDonald, (1999) reported tha t male red pine cone

beetles {Conophthorus resinosae) use green leaf volatiles to avoid non-hosts, a

strategy which is evolutionary advantageous to them as it reduces time searching

for females. Byers e t aL, (1998) comment about bark beetles,

“...beetles th a t can recognise the nonhost more rapidly would be favoured in 
evolution since they would save minutes to hours of time... during which they 
would be exposed to enemies.”

1.4.3. M odem host p lan t selection hypotheses

By the 1980s host plant selection theories had become decidedly 

sophisticated, commonly involving the interplay of a number of factors. One might 

speculate th a t this expansion was due to the advances in chemical ecology in the 

intervening decades, particularly in the development of experimental techniques 

such as EAG or GO. At th a t time, much research was focused on olfaction and 

visual cues and the interaction of the two (olfactory- Thiery and Visser, 1986 & 

Visser, 1986, visual- Kevan and Baker, 1983 & Prokopy and Owens, 1983, both 

cues- Visser, 1986 & Miller and Strickler, 1984).

Today, the field of study of host plant selection is rich with theories but 

most raise more questions than they have answers to. Nevertheless, most agree

28



Chapter 1. An introduction to chem ical ecology

th a t the host plant selection process is a chain of three links. Link 1 is described 

as habitat location, link 2 as host plant finding and link 3 as host plant acceptance.

Most recently, Finch and Collier (2000) proposed their controversial 

appropriate/inappropriate landings theory of host plant selection based on the pest 

insects of cruciferous plants. Finch and Collier claim tha t link 2 is governed by 

visual stimuli. The experimenters suggest tha t an insect will land indiscriminately 

on any green object, bu t avoid landing on brown surfaces, and then decide whether 

or not to accept it.

Finch and Collier’s proposal has received some criticism, largely as they 

apportion doubt to the previously accepted idea th a t host plant volatile chemicals 

are attractants and have a pivotal role in the host selection process. In addition, 

they attem pt to extrapolate the findings from a few insect species to all insects. 

Preliminary findings of a study on crop colonisation by the diamondback moth 

{Plutella xylostella) a t Rothamsted challenge the Collier and Finch theory (Couty, 

van Emden and Pickett, 2002).

Couty used field simulator experiments consisting of a square of 86 potted 

plants of Chinese cabbage (host) and lettuce (non host) to map the spatial patterns 

of alighting under different arrangements of host and non host plants. Crucially, a 

square of only lettuces did not trigger any taking off by female insects, an event 

th a t would not be rationalised by the Finch and Collier theory. This event also 

confirms the key role of host plant volatiles in the host location process (link 2). 

When the square was made of a block of lettuce in front of a block of cabbage, or 

vice versa, the insects tended to land on whichever block was closest to their take 

off position (Aude Couty, personal communication).

When the square of plants was assigned randomly, showing patches of host 

and non host plants, the cabbage plants were significantly more fi*equently visited. 

Under a “patchy” design, cabbages were significantly more visited again. On a 

pseudo randomised design (chequer board of cabbage and lettuce), the odours of 

host and non host plants were mixed and females landed equally on both plants. 

Perhaps under this pseudo randomised design there were less distinct patches of 

host volatiles for the moth to follow (Aude Couty, personal communication).
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C h a p t e r  2

A N  I N T R O D U C T I O N  T O  T H E  U S E  O F  
S E M I O C H E M I C A L S  I N  P E S T  C O N T R O L

2.1. EXPLOITATION OF SEMIOCHEMICALS

Even in the early years of semiochemical research, it was realised tha t 

there was potential for use in insect control (Silverstein, 19811 Pickett, 1989). 

However although semiochemicals have shown promise in laboratory and small 

field trails (Powell e t aL, 19931 Lilley and Hardie, 1996; Leslie, 1997; Williams, 

1997; Bruce e t aL, 2002), there is relatively little exploitation of semiochemicals in 

a commercial pest context, and particularly in the United Kingdom compared with 

the United States, continental Europe and the far East (Agelopoulos e t aL, 1999, 

Wyatt, 2000).

2.1.1. Monitoring

The chief practical use of insect semiochemicals to date is to attract 

insects to traps for the detection and determination of temporal distribution. For 

the most part, it is male insects th a t are responding to female-produced sex 

pheromones. This requires the reproduction of the ratio and emission rate of a 

calling female (Flint and Doane, 1996). Monitoring has four main functions- 

detection of outbreaks, establishment of emergence times in adult insects, 

distribution mapping, and the assessment of changes in abundance. Pheromone 

monitoring systems provide vital knowledge to assist in the optimum timing of 

Insecticidal control measures.

Pheromone based monitoring traps are cheap to produce, transport, do not 

require power, and are usually highly selective for the given pest species. Ideally, 

the pheromone formulation would release a consistent level of chemical over time 

and not enduringly retain or degrade the pheromone during this process. 

Numerous formulations have been tried over the years, some of which are referred 

to in chapter 2.4.
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2.1.2. Mass trapping

The intent behind mass trapping appears facile, to trap a sufficiently large 

proportion of a pest population to achieve an acceptable level of control. Reducing 

the population by mass trapping is only viable with an attractant source that can 

out compete sexual attractants, or when females can be trapped (Howse, Stevens 

and Jones, 1998). In reality this ideal is unachievable due to several limiting 

factors. These factors often include an inability to attract enough females and the 

traps used are not efficient but may become saturated when high pest populations 

are encountered. This type of strategy requires a high density of traps per surface 

area unit, which makes the technique financially unattractive. Even so, success 

has been achieved in bark beetle trapping experiments in forests in Scandinavia 

and North America (Borden, 1990; Oehlschlager, 2003).

2.1.3. Mass trapping ■ lure and kill

The use of olfaction and/or visual cues to lure an insect to its death by an 

affector has been exploited for many centuries. The insects are initially attracted 

to the lure and then acted upon by the affector, whether it is a sticky trap, 

container, or a surface treated with pesticide, sterilant, or pathogenic organism. 

Perhaps the most widely known type is fly paper, the sticky paper that releases a 

smell to lure flies to a mechanical death on a sticky surface.

The commercialisation of lure and kill systems has largely been 

overlooked because they cannot compete with other control methods due to the 

prohibitive cost of traps, their replacement and the level of expertise required to 

use the system. Some successful operations do exist. For example, methyl eugenol 

treated palm fibre pads were used to combat a population of oriental fruit flies from 

the Hawaiian Island of Rota (Steiner e t aL, 1965). In their study the male 

population dechned 99.6% within one generation. However, they did note that 

virgin females became attracted to the lures which may have increased the 

effectiveness of the male annihilation strategy by reducing the longevity of any 

females who emerged after the male population was already significantly reduced.

A key disadvantage of a lure and kill strategy is tha t it can experience 

competition from natural sources of attractant. Lure optimisation is particularly 

important when a sex lure or pheromone is being used to attract polygamous 

males, since this type of lure has a lower impact on reproduction than does a lure 

attracting females. If a lure only attracts males, the impact on future generations
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is less than the kill ratio as long as the remaining males can inseminate more than 

one female on average (Lainer, 1990).

Lure and kill strategies are most suited to the control of immigrant, 

geographically limited, or low density populations (Lainer, 1990). Lure and kill 

would be economically viable for use in high value cash crops where even a small 

population of pest species exceeds the economic damage threshold.

2.1.4. M ating disruption

When we consider why sex pheromones evolved, it is obvious why they 

might be exploited for control measures. As Metcalf so aptly describes in a 

fundamental review in 1998,

“...sex pheromones arose to facilitate mating and their point source
emission (and provide) a specific target for the approach of the male, whose
bilateral antennae are both qualitative and quantitative direction finders.”

For tha t reason, if we release a relative high level of sex pheromone into 

an area we should disrupt the males’ ability to locate the female, copulate and 

produce offspring. This disruption would be achieved in three ways: (l) the 

masking of the trail to the female by disorientation and confusion of which 

direction was upwind of the point source , (2) the creation of a number of false 

trails, and (3) upsetting the balance of the males antennae; adaptation or 

saturation might be achieved if the pheromone concentration is sufficient.

A major limiting factor to the wider acceptance and use of insect 

pheromones in m ating disruption strategies is the need for more efficient and 

economical dispensing systems (Delwiche e t aL, 1998). At present, the use of 

pheromone dispensers is far more labour, and time, intensive than the application 

of conventional pesticides with a sprayer. Therefore, a sprayable pheromone 

formulation would present advantages over other types of formulation.

Some attention has been given to this area by researchers such as 

W eatherston (1990) in the form of liquid flowables and more recently, Delwiche e t 

al. (1998) who showed th a t 75% of their sprayable, paraffin/pheromone emulsion 

was deposited on trees in a mature peach orchard and able to achieve mating 

disruption levels comparable to commercial plastic dispensers against Oriental 

fruit moth.
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2.2. USE OF SEMIOCHEMICALS IN INTEGRATED CONTROL MEASURES

A pest control strategy based on semiochemicals alone would for most 

situations give insufficient control. However, the use of semiochemicals as part of 

an Integrated Pest Management (IPM) strategy and specifically a stimule* 

deterrent diversionary (“push-pull”) strategy is more likely to be successful. 

Pheromones, in particular, have already been utilised in monitoring, mass 

trapping, and mating disruption systems. To date, the greatest success has been 

with lepidopterous species such as the oriental fruit moth {Grapholita molesta 

(Busck)) in orchard crops (Rice and Kirsch, 1990).

There are many definitions of I PM and there are even websites devoted to 

the evolution of its definition (Compendium of IPM definitions). IPM was defined 

by the West Palaearctic Region Section of the International Organisation for 

Biological Control (WPRS of lOBC) as

“...a system in which all economically, ecologically and toxicologically justifiable 
methods are applied to hold harmful organisms below the economic damage 
threshold, keeping the deliberate use of natural limiting factors in the 
foreground...” (in Frangenberg, 2000).

A good illustration of IPM was the development of a program for fresh 

m arket tomato production in Mexico by Trumble (Trumble and Alvarado- 

Rodriguez, 1993; Trumble, 1998). In this example, a mating disruption approach 

was combined with various methods of biological control and carefully regulated 

pesticide apphcation. This integrated approach achieved a significant reduction in 

tomato pin worm {Keiferia lycopersicella Walsingham) and the vegetable leafminer 

{Liriomyza sativae Blanchard) populations.

Push-pull systems combine the attractiveness and repellency of different 

semiochemicals into a single strategy. The pests are repelled from the crop being 

protected and are attracted onto other parts of the crop or a non-host (trap) crop 

where they can be destroyed using a chemical or controlled with a biological 

measure. Successful systems have reported effects th a t are greater than the sum 

of individual components and this would suggest tha t synergism is occurring 

(Smart e t a l, 1994; Khan e t aL, 2000). In the latter example, the strategy has an 

additional socio-economic benefit. It has improved the quahty of life for
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subsistence farmers in the Africa villages involved in the scheme by providing a 

trap crop tha t can be used for fodder or sold to neighbouring farmers for profit.

2.3. INTERACTIONS BETWEEN PLANT AND INSECT DERIVED 

SEMIOCHEMICALS

Many insects respond to mixtures of compounds more strongly than to 

individual components. This phenomenon, when the result of the combined action 

of two or more components is greater than the sum of their separate, individual 

actions, is called synergism (Chambers, 1991). Plant odours are complex mixtures 

and it is likely tha t synergistic effects amongst the components will lead to the 

attraction of insects.

Plant odours can synergise the action of pheromones. There is a wealth of 

literature on bark beetles to illustrate this phenomenon (see Wood, 1982 review). 

Billings (1985) illustrates one such example in which more than 50 times as many 

Southern pine beetles {Dendroctonus frontaliè  responded to traps containing the 

pheromone frontalure (frontalin plus alpha pinene) and a high release rate of pine 

turpentine than responded to traps containing frontalure alone.

The inference that the combination of plant odours acting as kairomones 

(benefiting the receiver and disadvantaging the emitter) and pheromones is 

required for optimal activity of a bait was an underlying theme at the recent third 

International Symposium on insect Pheromones, May 25 29 2003 Sweden. For 

example, traps baited with male produced aggregation pheromone combined with 

insecticide laden sugarcane deployed at 1 trap per 5 hectares, coupled with 

removal of infested palms, lowered red ring nematode {Bursaphelenchus 

cocophilus) infection in a commercial oil palm crop by more than 80% in one year 

(Oehlschlager, 2003).

2.3.1. Synergism of aggregation pheromone activity by green leaf volatiles

“Green leaf volatiles” is the term given to the six carbon alcohols and their 

aldehydes. These compounds are the products of oxidative degradation of plant 

lipids such as linoleic or linolenic acids (Visser, van Straten and Maarse, 1979). 

Commonly components are 1 hexanol, (A) 2 hexen 1 ol, (.0 3 hexen l ol and their 

corresponding aldehydes.
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Examples of enhancement of insect pheromone responses by green leaf 

volatiles, either singularly or multiple components, are plentiful amongst members 

of the Coleoptera. For example, Borden e t aL, (1997) reported tha t four green leaf 

volatiles released alone or in a quaternary mixture resulted in a 63-78% reduction 

in trap catches of the striped Ambrosia beetle {Trypodendron lineatum). Traps for 

the boll weevil {Anthonomus grandis^ containing the green leaf volatiles 

hexen 1 ol, ( ^  3 hexen 1 ol and 1-hexanol paired with the boll weevil aggregation 

pheromone gave synergised field catches as compared to traps baited with the 

pheromone alone (Dickens, 1989). The EAG’s performed as part of this study 

identified a receptor cell class which showed response to “green leaf’ alcohols, along 

with little or no response to the other host plant derived compounds tested. This 

phenomenon has been seen in a diverse group of insects ranging from the cabbage 

butterfly (Den Otter, Behan and Maes, 1980) to the Colorado beetle (Ma and 

Visser, 1978).

Three green leaf volatiles, namely ( ^  3 hexen l ol, ( ^  3 hexen 1 yl 

acetate and linalool, were shown to synergise the action of the pea and bean weevil 

{S. linea tuè  aggregation pheromone, 4 methyl 3,5 heptanedione (Blight e t aL, 

1984). The antennae of both sexes of S. Lineatus have been shown to perceive the 

aggregation compound (Blight e t al., 1991) and these green leaf volatiles (Blight e t 

aL., 1984, Glinwood, Blight and Smart, 1992).

2.3.2. Synergism of aggregation pheromone activity by substances other than  

green leaf volatiles

Plant kairomones may also act as synergists of pheromone activity. 

GiblinDavis e t al., (1996) reported increased West Indian sugarcane weevil 

{M etamasius hem ipterus sericeus) counts with binary combinations of ethyl 

acetate, sugarcane, and/or metalure over these treatm ents alone and the ternary 

combination was two to three times more effective than  any of the binary 

treatments. Similarly, Rochat e t al., (2000) found th a t ethanol ethyl acetate 

blends volatiles were moderate synergists of rhynchophoral, the pheromone of the 

American palm weevil {Rhynchophorus palmarum), and efficient at luring the 

weevils under field conditions.

Walgenbach e t a!., (1987) claimed to have synergised the activity of 

(4S,5R) 5 hydroxy 4 methyl 3 heptanone, the aggregation pheromone of the maize
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weevil {Sitophilus zeamais), by the addition of cracked wheat. The researchers 

reported a value that was larger than two fold greater than the sum of either 

pheromone or cracked wheat alone.

Phillips e t al., (1993) report increased responses of aggregation pheromone 

activity in two species of stored product Coleoptera, the rice weevil {Sitophilus 

orzae) and the red flour beetle {Tribolium castaneum). The work described an 

increased response when these Coleoptera were presented with the pheromone plus 

a mixture of grain odours composed of valeraldehyde, maltol and vanillin.

2.4. CONTROLLED RELEASE OF SEMIOCHEMICALS

Volatile semiochemicals require formulation into a medium that allows 

their release to he controlled and last for the flight period of the pest insect. Most 

of these formulations release a large amount of chemical initially, and then the 

amount released decreases over time. A plot of release of chemical against time 

would resemble the general shape of a radioactive decay curve. This type of 

release is called a first order release profile. Ideally, a formulation would release 

the chemical constantly over time, then the release profile would he a horizontal, 

straight line and called a zero order release profile.

The simplest method involves the evaporation of a semiochemical from a 

dental wick, rubber septum. This permits diffusion of the semiochemical through 

the material to the outside. Polyethylene closures and rubber septa have often 

used in trapping studies (Sternlicht e t al., 198 L McDonough, Brown and Aller, 

1989; Leonhardt e t al., 1990; Môttus e t a l, 1997; Beevor e t al., 1999). The 

Polyethylene closure or Polybag system referred to in chapters 15 and 16 is an 

example of this type of release mechanism.

Another approach is the microencapsulation of the semiochemical. In this 

type of slow release formulation, an insoluble polymeric membrane surrounds the 

semiochemical. This allows the semiochemical to diffuse through the membrane at 

a constant rate, giving a constant dose outside with time. Microencapsulated 

formulations can be deployed through conventional spraying equipment.

The production of emulsions has also been investigated and has proved 

especially valuable in orchard scenarios (Delwiche, Atterholt and Rice, 1998). A 

second group led by Weissling tried encapsulation in starch borate and 

pregelatinised starch matrices (Weissling and Meinke, 1991). Micro encapsulation.
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hollow fibres, and laminates were developed for use in mating and communication 

disruption strategies (Atterholt e t a l, 7^,9^/Campion e t a l, 1976).

There has also been wide interest in the incorporation of semiochemicals 

into PVC resin formulations (Hendricks, Shaver and Goodenough, 1987; 

Chamberlain e t ah, 1993; Cork and Basu, 1996; Chamberlain e t a l, 2000; 

Downham e t al., 2001). By 1989, a PVC resin formulation was developed at the 

Natural Resources Institute (NRI) in the UK and then commercialised by 

AgriSense BCS Limited (Cork e t a l, 1989). The formulation has been further 

developed and is now available from AgriSense BCS Ltd for commercial use in the 

field of insect predator and parasite manipulation and in cat toy manufacture. An 

example of this type of formulation is used in the investigations described in 

chapter 10.
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C h a p t e r  3

A N  I N T R O D U C T I O N  T O  T H E  T E C H N I Q U E S  U S E D  
T O  I S O L A T E  S E M I O C H E M I C A L S ,  W I T H  S P E C I F I C  

E M P H A S I S  O N  H E A D S P A C E  A N A L Y S I S

3.1. INTRODUCTION

The analysis of volatiles is a key discipline in many areas of science, 

including perfumery, ecological biochemistry, phytochemistry, food analysis, and 

plant physiology (Jakobsen, 1997). The aim of most studies is to maintain the 

natural composition of the compounds present in either the tissue or the air 

surrounding the emission source (called the headspace). Yet, studies have 

indicated tha t the method used to isolate the compounds may influence the 

composition of the sampled volatiles. Furthermore, the methods applied post 

isolation may also modify the authentic composition significantly.

3.2. BASIC ANALYSIS OF PLANT VOLATILES

There are two main divisions based on the physiological state of the plant 

tissue during the analysis' (l) methods used to analyse volatiles released from 

intact tissue with cell membranes intact, and (2) methods used to analyse volatiles 

released from disrupted cells, i.e., the composition of the volatiles contained within 

the plant tissues (figure 3.1).

The analysis of volatile emissions from intact plant tissue is achieved by 

static or dynamic headspace analysis. In static headspace, the vapour phase is 

found to be in equilibrium with the solute(s), whilst in dynamic headspace this 

equilibrium is continually being altered. Static headspace analysis, when a small 

volume of the headspace gas is injected directly into the gas chromatograph (GC),
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Isolation from intact cells- 
HEADSPACE ANALYSIS

Trapping volatiles 
from intact plants 
IN S IT U

The detached plant 
material is kept dry; 
E X  SITU- DRY

Trapping volatiles from 
detached plant parts 
E X S IT U

Methods used for the isolation of plant volatiles

The plant material, e.g. the 
stem or petiole is placed in 
water or glucose solution; 
EXSITU - WET

Isolation from disrupted cells- 
EXTRACTION OR HEADSPACE 
e.g. Extraction with organic 
solvents
Supercritical extraction 
Steam distillation 
Vacuum headspace analysis 
Headspace analysis

Figure 3.1. An overview of the approaches used for the isolation of plant volatiles. The techniques are grouped according to the 

nature of the plant material to which they are applied, (modified from Jakobsen, 1997)
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is seldom sensitive enough for the analysis of in situ  emissions. Hence, it will not 

be considered further. In dynamic headspace analysis, the isolated volatiles are 

first retained in a trap and then concentrated. Adsorbent traps are frequently used 

[see 3.2.1] as the trap. Alternatively, cold trapping may be employed.

In the case of cold trapping, the air stream is rapidly cooled after leaving 

the source of emission. Depending on the volatility of the compounds sought, the 

trap may be held at temperatures approaching th a t of liquid nitrogen (*195®C). At 

such low temperatures aerosols may form and result in loss of sample. Water is 

also a problem, since it condenses with the sample and then requires an additional 

purification step to remove it.

Dynamic headspace analysis has two subdivisions dependent on the 

nature of the plant material to which it is applied, viz ex- or in- situ  (Jakobsen, 

1997; see figure 3.1).

3.2.1. Adsorption

A wide variety of solid adsorbents have been used to trap emitted 

volatiles. The most common are activated charcoal, and porous polymers such as 

Poropak Q (an ethylvinyl benzene -  divinyl benzene copolymer; figure 3.2) and 

Tenax (a polymer based on 2,6 diphenylene oxide).

Figure 3.2. The structure of Poropak Q, one of the porous polymers used.

Air is pumped through the vessel onto the porous polymer trap. The 

volatiles from the plant, carried on the air stream, are absorbed onto the polymer 

while the air and water pass through the polymer and are not retained, thus 

permitting the volatiles from many litres of air to be concentrated onto the
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absorbent trap. Subsequent desorption of the trapped volatiles may be achieved 

either by washing with solvent or by thermal desorption directly into a GC or 

solvent trap.

Adsorbents used for thermal desorption require an affinity for a wide 

range of compounds, a high capacity for adsorption at room temperature, reverse 

adsorption upon temperature increase, high thermal stability, a low affinity for 

humidity and carbon dioxide, chemical inertia, uniform particle size, and no 

aptitude for dust formation (Salinas and Alonso, 1997). The most commonly used 

adsorbents for thermal desorption are those belonging to the Tenax series. Tenax 

is advantageous over other absorbents such as the Chromosorbs or Poropaks as it 

is able to remain stable at temperatures up to 380-400 °C (Sakodynskii, Panina 

and Klinskaya., 1974). Furthermore, Tenax is easily prepared for use; the only 

requirement is an elevated temperature in the presence of a stream of inert gas 

(MacLeod and Ames, 1986).

An attractive alternative, solid phase microextraction (SPME), emerged in 

the 1990s (Arthur et al., 1992; Chen and Pawliszyn, 1995). SPME uses a short 

length of fused silica optical fibre externally coated with a polymeric GC stationary 

phase. The coated fibre is exposed to the sample resulting in the partitioning of 

analytes between the sample matrix and the stationary phase coated on the fibre. 

The analytes concentrate on the fibre. Once equilibrium is reached, or after a 

defined time, the fibre is withdrawn and then transferred to a GC injection port or 

a modified valve of a high performance liquid chromatograph (HPLC). The 

analytes are desorbed by either by thermal desorption in the case of GC or by the 

mobile phase for HPLC and subsequently chromatographed (Arthur et al., 1992; 

Chen and Pawliszyn, 1995; James and Mills, 1999).

SPME advantages are that it can reduce solvent consumption to almost 

zero and substantially reduce capital requirements compared to standard methods. 

Furthermore, if automated it reduces the potential for error tha t can be introduced 

with normal sample handling. Several types of fibre coating are commercially 

available and the range continues to grow, thus expanding possible applications. 

SPME can be used with any injector design and is completely portable, making it 

very versatile and amenable to field analysis applications. The major 

disadvantages are the fragile nature of the fibre, and the need to ensure 

reproducible fibre manufacture (James and Mills, 1999).
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3.2.2. Breakthrough volume

Breakthrough volume is the volume of sample tha t can be passed through 

the adsorbent tube before the analyte emerges from the downstream side of the 

adsorbent bed. The term is often applied imprecisely in many publications (Arnts, 

Singsaas and Sharkey, 1997). When it is used interchangeably with GC retention 

time, it represents 50% breakthrough of the concentration applied. A more useful 

definition is the volume that can be passed without 1 or 5% breakthrough (see 

Brown and Purnell, 19791 Namiesnik, 1998 for detailed discussions and its proper 

use). Breakthrough volume is affected by temperature. As a rule of thumb, a 10° 

increase causes a 60% decrease in breakthrough volume.

3.2.3. Comparison of methods

The various headspace analysis methods yield very different results, even 

when applied to the same material. Therefore, to evaluate or select the most 

appropriate method, there are a number of questions to be answered. What do we 

measure using the different methods? Is it the actual content of volatiles in the 

tissue or headspace, or is the authentic composition to some degree modified or 

hidden in the effects of the analytical methods? (Jakobsen, 1997)

In many of the published papers on the headspace analysis of plant 

volatiles, the ex situ-àiy  method has been used. Whilst, this method might suit 

perfumery and food science applications, it often produces different results than 

those of the in situ  method. For example, significant qualitative and quantitative 

differences were found in the headspace analyses when using the in situ  contra the 

ex situ  meXhodi for freesia, lilac, easter lily (Mookherjee e t ah, 1987). The collection 

period was 12 hours, during which time the flowers and leaves are likely to 

dehydrate, causing physiological changes tha t might be detected in the headspace 

composition.

Detaching flowers from the plant at 3 hour intervals, and collecting the 

headspace of the flowers in a syringe for 30 minutes prior to injection onto the GC 

was used to demonstrate the rhythmic emission of ocimene from Medicago sativa  

flowers even after detachment from the plant (Loper and Lapioh, 1971). More 

recently, Loughrin e t al (1994) showed tha t rhythmic emission was induced by 

herbivore damage in cotton plants in situ. Even though detaching the flower for 

use in ex situ  headspace analysis causes different damage to herbivore attack, the
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Loughrin study highlights the importance of checking whether rhythmic emissions 

are normal physiological phenomena, or if the mechanical damage caused to the 

plant during the detachment process induces or influences the rhythm.

The ex situ-w et methods are reported to give inconsistent effects on the 

emission of volatiles (Jakobsen, 1997). For example, Hoya carnosa flowers 

attached to the plant regularly showed rhythmic emissions. Yet, cut flowers in a 

0.05M glucose solution showed such a dramatic loss in fragrance production 

following detachment th a t the rhythmic emissions could not be distinguished 

(Matile and Altenburger, 1988). On the contrary, rhythmicity could be observed for 

several consecutive cycles when the ex situ-w et method was applied to 

Odontoglossum constrictum  and Citrus medica in the same study.

Finally, comparative studies of headspace composition of intact plants 

contra different extraction methods (methods on right hand side of figure 3.1) 

applied to the same material showed significant differences. For example, ex situ- 

dry headspace of kiwi fruit flowers contra distillation and solvent extraction 

showed noteworthy differences (Tatsuka e t al., 1990).

Headspace analysis is not without its disadvantages. Absorbed oxygen 

sensitive compounds may be oxidized, isomerization of alkenes in a sample has 

been known; artefacts may be formed by the adsorbent either during the volatile 

collection or desorption, and the desorption process may introduce impurities or 

induce structural changes (Howse, Stevens, and Jones, 1998).

3.3. BASIC ANALYSIS OF INSECT VOLATILES

There are two main methods routinely used for the isolation of compounds 

from disrupted cells (Howse, Stevens, and Jones, 1998). The methods are solvent 

extraction and headspace, each of which will be considered in the following 

sections.

3.3.1. Solvent extraction

This method involves the maceration of the insect (either whole or part of) 

with an organic solvent, followed by the filtration of the mixture and its subsequent 

concentration. The major disadvantages of this method are tha t large numbers of 

specimens are required, and that non volatile components are also extracted. 

Introduction of such extracts onto a GC would lead to accumulation of the non-
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volatile residues in the injector and column inlet. Thus, an additional step is 

required to separate the nonvolatiles from the volatiles, such as distillation. In 

addition, pure re distilled solvents and clean glassware are needed to avoid 

contamination. The solvents polarity m ust be matched to the compound to be 

extracted. However, in the early stages of an investigation, the polarity of the 

compound will not be known and thus, a successive range of solvents with 

increasing polarity should be employed.

The major advantage of solvent extraction is th a t it is a simple method 

that gives information on the amounts of all the compounds tha t are present in the 

insect a t the time of extraction. There are three major applications of this method 

for insects- (1) for whole body extraction, (2) excised gland extraction, and (3) 

ovipositor washing.

In the first case the whole of the insect is “blended” with the solvent; the 

solution is filtered from the debris and the solvent removed by distillation. The 

advantages are tha t the experimenter need not know the exact location of the 

semiochemicals within the insect. The disadvantage is th a t the large amounts of 

cuticular material must be separated from the solution containing the 

compound(s). When the gland containing the semiochemicals has been identified, 

application two might be considered. This avoids the complication of unwanted 

body parts but does require additional time and skill. Lastly, application three 

(ovipositor washing) has proved very successful in the study of lepidopteran 

pheromones. The method requires th a t the female’s body is squeezed in such a way 

to force the insect’s ovipositor to extrude. The gland and the ovipositor can then be 

micro*dissected and rinsed with solvent. The resultant solution contains few 

components, which simplifies analysis. The disadvantage of application three is 

that it may only be applied to moths or other large insects.

3.3.2. Headspace

This method involves the trapping of the volatile components produced by 

the insect over a period of time either by cold trapping or the use of a solid 

adsorbent. The item emitting the volatiles is held in a suitable closed contained 

and purified air is drawn over the item and passed into either a cold trap or a tube 

containing adsorbent. The major advantages of this method are that samples are 

produced in the ratios tha t occur in nature and, because insects are kept alive.
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collection may continue over extended time periods. This is a particular asset 

when insect specimens are limited or the amount of compound emitted per 

individual is low. This approach was used in chapter 14 to establish the volatile 

profile of undamaged and Sitona lineatus damaged field beans.

3.4. THE USE OF HEADSPACE ANALYSIS IN THIS STUDY

Air entrainment is the name given to the dynamic headspace analysis 

method used to collect the volatile compounds from around a source of emission 

(Blight, 1990; Agelopoulos e t a l, 1999). It is particularly useful as it avoids the 

enzymatic and chemical reactions tha t occur, causing changes in the volatile 

composition of the sample, when maceration or chopping of the source of emission 

is involved. Thus, it preserves the volatiles in ratios similar to those found in their 

natural setting (Blight 1990; Agelopoulos and Pickett 1998). It is a routine 

technique used by members of the Chemical Ecology group at Rothamsted in the 

isolation and identification of semiochemicals (Lilley e t al., 1994/1995; Quiroz e t 

a l, 1997; Agelopoulos and Pickett 1998; Agelopoulos, Chamberlain and Pickett, 

2000; Barata e t al., 2002).

A simple form of air entrainment was used in the investigations into the 

use of a polymeric matrix as a controlled release system for the release of sex 

pheromones for the manipulation of aphid species presented in chapter 10. A more 

complex method of air entrainment, using positive/negative pressure, was pivotal 

in the establishment of the volatile profile of undamaged and Sitona lineatus 

damaged field beans, investigations presented in chapter 14. In addition, the 

method used in chapter 14 made use of thermal desorption.
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C h a p t e r  4

A S P E C I F I C  p r o b l e m :  T H E  P E A  A N D  B E A N  
w e e v i l :  s i t o n a  L I N E A T U S  ( L . )  ( I N S E C T A ,  

C O L E O P T E R A ,  C U R C U L I O N I D A E ) .

4.1. INTRODUCTION

4.1.1. Pest s ta tus

The pea and bean weevil {Sitona lineatus (L.)) is a widespread pest of 

legume crops. It is found throughout Europe, North West Africa, the Middle East 

and in the North American continent (Bardner, Fletcher and Griffiths, 1983; 

Biddle e t a i, 1996; Landon e t a l, 1995). Nielson (1990) estimates that S. lineatus 

adults can cause up to a 30% yield reduction in pea and field beans. Whilst 

Clements and Murray (1991) record Sitona spp. as being responsible for losses of 

up to 27% of the leaf area in winter attacks on white clover plants. Oschmann, 

(1984) reveals that root nodule excavation by S. lineatus larvae may cause 

between a 70 and 90% reduction in yield.

4.1.2. Life cycle of S. linea tus

The pea and bean weevil adult has an elongated grey brown body of 4 to 

5mm in length th a t bears a very short rostrum. The thorax is slightly wider than 

the head with three distinct, light lines (Jackson, 1920, see figure 4.1a). Females 

are slightly larger than males. The sexes are distinguished by examination of the 

posterior abdominal segments (Jackson, 1920). There is one generation per year. 

They feed chiefly at night, although can be found a t any time. When they are 

disturbed they fall to the ground and pretend to be dead, or hide under stones 

(Jones and Jones, 1984).
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Figure 4.1a.

Figure 4. lb.

Figure 4.1. An image of an adult pea and bean weevil {Sitona lineatus L.) on 

a pea leaf (figure 4.1a). Typical (“U” shaped notch) feeding damage to a broad 

bean plant caused by adult insects (figure 4. lb).
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In the spring the weather changes and becomes warmer causing the over 

wintered adults to migrate into the crop (Gratwick, 1992), often by flight (Bardner, 

Fletcher and Grifliths, 1979; Hamon e t aJ., 1987). Although, insects will also 

migrate by walking if the temperature is low (Fisher and O’Keeffe, 1979). The 

adults will begin to feed immediately, showing a preference for peas and beans in 

particular. Adult feeding appears as characteristic semi circular (“U” shaped) 

notches of leaf and stipule edges ( see figure 4.1). At this time, the males produce a 

pheromone, 4 methyl-3,5'heptanedione, which facilitates aggregation on the host 

crop (Glinwood, Blight and Smart, 1998b). The first sign that the population has 

moved from its over wintering site into the crop can be found at the margins of the 

field (Gratwick, 1992).

The female weevil may lay hundreds of eggs, at regular intervals between 

May and July, on the soil near the stems of the host plants. These eggs are washed 

down into the soil by rain (Biddle, 1985). The eggs are yellow at first and then 

turn  black within 36 hours (Hamon, 1983). It is widely agreed tha t the eggs are 

oval in shape but there is much disagreement about their size (Hamon, 1983).

Embryonic development lasts 2 to 3 weeks, after which time a 0.5mm 

neonate larva emerge. The larvae are coloured white with a yellowish head 

(Hamon, 1983) and legless (Gratwick, 1992). When it reaches 2mm, the larva 

attacks the nitrogen-fixing root nodules th a t are characteristic of leguminous 

plants causing damage and loss of production (Biddle, 1985). Most of the economic 

damage to crops is caused by the larval feeding (Oschmann, 1984). Larval 

development lasts between 30 and 40 days and involves 5 stages (Landon e t a l, 

1995). In late summer, the larvae pupate about 5cm down in the soil (Biddle, 1985; 

Gratwick, 1992).

New generation adults appear from July to the end of August with a 

maximum peak towards mid July. Newly emerged adults may remain in the soil 

for 5 or 6 days to allow cuticle hardening (Hamon, 1983). Newly emerged autumn 

population males do not produce aggregation pheromone, although both sexes 

respond to synthetic pheromone during the autumn phase (Blight e t a l, 1991; 

Glinwood, Blight and Smart, 1993a, 1993b). The feeding of new generation adults 

does less damage since the plants are mature and possess fully formed pods 

(Hamon, 1983). In many cases, the pea crops have been harvested or the foliage of 

the pea and bean crop has dried out and is unpalatable (Gratwick, 1992). For these
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reasons, the weevils are inclined to leave the pea or bean crops in search of fresh 

growth.

This exodus frequently coincides with the cereal harvest. At this time, the 

young vulnerable clover in under sown leys may be exposed to weevil attack. 

Indeed, Gratwick (1992) warns that extra vigilance should be observed in respect to 

such leys during the first two weeks after cutting the cover crop, especially if they 

border on pea or bean fields. If signs of increased damage are evident, the area 

should be treated immediately. Weevils can remain on the clover crop until the 

cool autum n weather (Gratwick, 1992).

As the cooler autum n weather begins, adult weevils gradually disperse, 

often by flying, to the over wintering sites in grass near harvested pea and bean 

fields or in perennial legumes (Biddle e t a l, 1996). Some adults remain in the 

stubble on the fields after harvest (Hamon, 1983). After over wintering, the 

warmer spring air causes the weevils to become active and the life cycle begins 

again.

Adult weevils are vectors for two main viruses in broad and field bean 

crops, broad bean stain and broad bean true mosaic (Gratwick, 1992). In both 

cases, leaf malformation along with light and dark green mottling or yellowish 

blotching result. Early infection leads to significant yield loss. Broad bean stain 

leads to a discolouration of the seed known as “Evesham stain”. This is unsightly 

and undesirable, especially if the crop is destined for human consumption 

(Gratwick, 1992). Due to the relatively low seed to produce ratio, around 10% of 

peas and beans are grown for seed (Biddle, 1994). The broad bean stain and broad 

bean true mosaic viruses are also transm itted through some of the seed set by 

infested plants, so crops grown from seed m ust not be seriously affected (Gratwick, 

1992).

Sitona have natural enemies ranging from chewing predators, 

microhymenoptera and mites who destroy the egg stage; through the carabids and 

staphlinids who prey on immature life stages, to the braconoids who parasitise the 

adult insects (Hamon, 1983).

4.1.3. Host plants

Landon e t a l, 1995 describe S. lineatus as feeding on many legumes 

without specific preference to pea. Investigations of Murray and Clements (1994)
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confirm this statem ent with their finding tha t adult insects rejected only lesser 

yellow trefoil {Trifolium dubium  Sibth) in laboratory experiments. There was little 

difference in a field situation, where S. lineatus were found to ingress into the 

majority of plots almost immediately. The study recorded high numbers of this 

weevil feeding on white melilot {Melilotus alba Desr.) and the Europe cultivar of 

Lucerne {Medicago sativa  L.).

Therefore, the recorded host plants of S. lineatus are wild or cultivated 

legumes such as lucerne, pea, broad bean, vetches or clovers. Adult weevils are 

active only in warm conditions and hide in cold or cloudy weather. Landon e t al., 

1995 found that the triggering of feeding was temperature dependent and a 

threshold of 12 degrees Celsius led to intense feeding in the French populations 

studied. As indicated earlier, adult feeding is characterised by U shaped notches in 

the leaf edges. Some leaves lose much of their area if weevil numbers are high (see 

figure 1.1b) and in severe infestations, the destruction of apical meristems occurs 

(Jackson, 1920).

Larvae affect root nodules and cause the most serious economic loss to the 

plant. Since nodule damage by larvae occurs immediately after defoliation by 

adults, larval feeding can seriously reduce nodule numbers and yield (Bardner, 

Fletcher and Griffiths, 1979). Competition for nodules is the primary mortality 

factor for S. larvae in peas and thus defoliation by adults potentially impacts on 

larval survival, as well as crop growth and yield (Williams, Schotzko and O’Keefee, 

1995).

4.1,4. Pest managem ent

Adult S. lineatus weevils are traditionally controlled by the application of 

pyrethroids, whether it be a prophylactic treatm ent or a treatm ent made in 

response to leaf notching (Biddle e t a l, 19961 Soffe, 1995). However, this action 

will not control larvae in the ground and roots of the plants. The efficiency of any 

spraying treatm ent against adult populations is therefore highly dependent on 

precise timing based on the accurate estimation of the size of the pest population at 

a given time (Bardner, Fletcher and Griffiths, 1983).

Biological control measures have not proved effective in the UK on a field 

scale. Workers in New Zealand have had success with a parasitic wasp 

{Microtronus aethiopoides) tha t attracts S. discoides, a pest of Lucerne. The use of
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the parasite has suppressed the weevil population and increased the potential for 

the development of an integrated pest management programme for this pest 

species in New Zealand (Goldson, Proffitt and McNeill, 1990).

Cultural control can offer limited assistance in the control of this pest 

species. Good consolidation of the seedbed is important, as is crop hygiene. Mob 

stocking or heavy rolling may close up the crevices around the bases of plants, and 

imprison the pupae under the soil surface, preventing adult emergence. However, 

this can be effective only in established clover/grass swards, which will withstand 

rolling at the appropriate time. The use of resistant cultivars will probably be the 

most effective way of reducing damage in the future but commercial varieties with 

this resistance are still some way off.

At present, the Processors and Growers Research Organisation (PGRO) 

suggest a single spray of pyrethroid insecticide should be applied as soon as feeding 

notches are seen. A second treatm ent may be required 10 14 days later in the case 

of severe infestations (Biddle, personal communication). Effective control leads to 

increases in yield of between 7% and 31% for spring crops of peas and beans in the 

UK (Bardner, Fletcher and Griffiths, 1983; Biddle, 19851 Baughan e t a l, 1985; 

King, 1981). Bennison (1991) reports a different state of affairs for winter field 

beans. Consequently, control is not normally recommended in this crop.

There is no effective control for the larvae. However, prophylactic seed 

coating treatm ent and the incorporation of insecticide into the seed furrow have 

been practised previously. Alternatives to chemical treatm ent were being reported 

by the mid 1990s. Bezdicek e t al. (1994) reported th a t crylll containing rhizobia 

expressed toxin in sufficient quantities within root nodules to significantly reduce 

feeding damage by S. L ineatus on peas {Pisum sativum ). Current industry 

research is centred on an insecticide seed treatm ent but there are no products 

currently approved for peas (Biddle, personal communication).

4.2. DISCOVERY OF THE AGGREGATION PHEROMONE FOR S. LIN EA TU S

The first demonstration of pheromonal communication by S. lineatus was 

the discovery of the aggregation attractant (Blight e t al., 1984). The structure of 

this male produced pheromone, 4 methyl 3,5 heptanedione (structure 1), shows 

some resemblance to other weevil aggregation compounds such as that of the rice
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weevil {Sitophilus oryzae) and the maize weevil {S. zeamais) (structure II, Schmuff 

e t a l, 1984).

O

Structure I. 4-methyl 3,5-heptanedione. The aggregation pheromone of the pea 

and bean weevil, S. lineatus.

OH

Structure II. 4 me thyl - 5 hydroxy - 3 hep tanone. The aggregation pheromone of the 

rice weevil {Sitophilus oryzae) and the maize weevil {Sitophilus zeam ai^.

Blight e t a l, (1984) obtained pentane extracts of the volatiles emitted from 

broad bean shoots and by weevils feeding on the shoots by an air entrainm ent 

technique (Blight, Wadhams and Wenham, 1978). Coupled gas chromatography- 

electroantennogram (GC-EAG) analyses (see Hummel and Miller, 1984 for 

explanation of technique; Blight, Wadhams and Wenham, 1979) showed there were 

a number of electrophysiologically active compounds. One of these compounds 

appeared to be associated solely with male weevils.

The mass spectrum of the male associated compound suggested that it 

was 4-methyl'3,5 heptanedione and this was confirmed by comparison to an 

authentic sample. The authentic sample also gave identical GC-MS, GC and GC- 

EAG data to the male associated weevil produced compound (Blight e t a l, 1984).

Furthermore, field experiments revealed tha t all the treatm ents 

containing synthetic samples of 4 methyl-3,5-heptanedione caught statistically 

significant (p<0 .0 0 l) numbers of weevils compared to treatments without this
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compound. Treatments releasing a higher amount (21mg) of 4 methyl 3,5- 

heptanedione trapped more weevils (p<0 .001) than the traps releasing a lower 

amount (5mg) (Blight e t a l, 1984). There was also an implication (p<0.05) that the 

combination of bean volatiles and the higher amount of 4 methyl 3,5'heptanedione 

lead to trap catches that were greater than the sum of the individual components 

(synergism).

4.3. ESTABLISHMENT OF TREATMENTS FOR TRAPS TO CATCH S. 

LIN E A TU S

Blight established the volatiles tha t the field bean and broad bean emitted 

using air entrainment, gas chromatography and mass spectrometry (Glinwood, 

Blight and Smart, 1992). Using GC'EAG, it was found tha t the antennae of S. 

lineatus could detect many of these compounds. The antennal perceived 

compounds could be placed into three main groups' (l) fatty acid derivatives such 

as (A)'2'hexanal, ( ^  3 hexen l ol, octen-3'ol and (^-3'hexenyl acetate; (2) 

benzenoids such as benzyl alcohol, 2 phenylethanol and methyl salicylate; (3) 

terpenes such as linalool, alpha terpineol, beta caryophyllene, and alpha humulene 

(Glinwood, Blight and Smart, 1992). Blight also calculated the relative ratios of 

the component compounds in these volatile emissions as she suspected the ratios 

might hold significance (Blight, unpublished).

Blight and co-workers established the foundation work for the Polybag 

bait system (Glinwood, Bhght and Smart, 1992). They created a treatm ent th a t 

would release ten of the compounds in the same ratios th a t had been detected in 

the extract emitted by field beans (cv. Banner) tha t had been damaged by weevil 

feeding (Glinwood, Blight and Smart, 1993a). These ten compounds were (Z) 3- 

hexenyl acetate, (Z )3 h ex en l'o l, lo c ten 3 'o l, 2 phenyle thanol, beta* 

caryophyllene, benzyl alcohol, methyl salicylate, alpha terpineol, hexanal, and 

linalool.

The Polybag bait system is used to release compounds for insect 

management a t Rothamsted Research. The “system” is based on the diffusion of a 

compound from a sponge source through a layer(s) of polythene to the surrounding 

air. One compound is released from each of the Polybag baits. Rothamsted 

Research has used the Polybag system as the standard S. trapping method

since 1992 (Glinwood, Bhght and Smart, 1992). It involves a number of these
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Polybags being deployed together in a single modified boll weevil trap along with 

the S. lineatus aggregation pheromone, to attract the insects to the area. This 

approach is utilised to avoid the complications th a t would be caused by using a 

mixture of compounds in a single Polybag bait.

If the weevil population could be reliably estimated on over wintering 

sites, it would give an idea of the impending migration numbers. This information 

could be used to time control measures more accurately and should lead to reduced 

pesticide use (Glinwood, Blight and Smart, 1992; Biddle e t a l, 1996). Traps baited 

with the S. lineatus aggregation pheromone, supplied by Rothamsted Research, 

have been used successfully in monitoring spring dispersal in order to optimise the 

timing of insecticide spraying in Denmark (Nielsen and Jensen, 1993).

Boll weevil traps were developed into a monitoring system for S. lineatus 

(Glinwood, Blight and Smart, 1993b) and have been used successfully to monitor 

populations on over wintering sites. Sm art e t al. (1994) proposed tha t 

semiochemicals could be used for the control of the pea and bean weevil. The idea 

was developed into a push-pull system and favourable field findings were pubhshed 

in 1997 (Smart, Pickett and Powell, 1997). The use of an aggregation pheromone 

in a weevil control strategy is not novel. Ridgway, Inscoe, and Dickerson, (1990) 

reported evidence th a t cotton boll weevil populations could be concentrated into a 

specific area with a trap baited with grandlure, the boll weevil’s aggregation 

pheromone. In their strategy the insects were then suppressed by an insecticide 

treatment.

4.4. HOST-PLANT ATTRACTANTS

The Loughrin e t al., (1996) study supports the hypothesis (Bernays and 

Chapman, 1994) th a t specialist herbivores, like the Colorado beetle, would be 

attracted to a mixture of compounds in a definite ratio (May and Ahmad, 1983) as 

opposed to the generalist herbivore, like the Japanese beetle, which would be 

attracted to a wide array of compounds present in plant aromas and non-specific 

blends containing these compounds (Lance, 1983).

Jaworska, (1992) suggests that, in field trials in Poland, early field peas 

and other pea cultivars are more attractive to S. lineatus adults than beans. 

However, by the egg-laying period in May, beans were shown to be the most 

attractive odour. Landon e t al, (1997) identified four volatiles, namely (Z)-3-
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hexen-l'ol, 2 hexanal, (Z) 3 hexenyl acetate and 3 octanone, from host plants of 

pea, vetch, clover and lucerne. Pea and vetch plants shared (Z) 3 hexenyl acetate 

as their main component, whilst clover and Lucerne had 3 octanone as their 

principle volatile component. The findings of Landon e t a l, (1997) implicate (Z) 3- 

hexen 1 yl acetate in the ability of S. lineatus to discriminate pea amongst other 

acceptable leguminous species.

71



Chapter 4. A specific problem: the pea and bean w eevil Sitona lineatus  (L.)

C h a p t e r  4 r e f e r e n c e s .

Bardner, R., Fletcher, K.E. and Griffiths, D C. (1979). Problems in the control of pea and 
bean weevil {Sitona lineatus). In The Proceedings of The British Crop 
Protection Conference Pests and Disease 1979 volume I. Pp 223-229 

Bardner, R., Fletcher, K.E. and Griffiths, D C. (1988). Chemical control of the pea and 
bean weevil, Sitona lineatus L., and subsequent effects on the yield of field 
beans Viciafabah. Journal o f Agricultural Science, Cambridge, 101:71-80 

Baughan, P.J., Biddle, A.J., Blackett, J.A., Toms, A.M. (1985). Using the seed as a 
chemical carrier. In Symposium on Apphcation and Biology. Southcombe, 
E.S.E. (ed ), BCPC Monograph No. 28, pp 97-106 

Bennison, J.A. (1991). Pest status of pea and bean weevil {Sitona lineatus) on spring-sown 
field beans. Aspects o f Applied Biology, 27: 151155 

Bernays, E.A. and Chapman, R.F. (1994). Host plant selection by phytophagous insects.
New York: Chapman and HaU. pl04 

Bezdicek, D.F., Quinn, M.A., Forse, L., Heron, D., and Khan, M.L. (1994). Insecticidal 
activity and competitiveness of Rhizobium spp containing the BaciUus- 
thuringiensis subsp tenebrionis delta endotoxin gene (crylll) in legume 
nodules. Soil Biology and Biochemistry, 2Q - 1637-1646 

Biddle, A. J. (1985). Pea pests -  effect on yield and quahty and control practices in the UK.
In The Pea Crop. Hebblethwaite, P.D., Heath, M.C. & Dawkins, T.C.K (eds ), 
London: Butterworths, pp 257 266 

Biddle, A. J. (1994). Pest and disease control requirements for peas and beans. Aspects o f 
Apphed Biology, 40: 253 257 

Biddle, A. J., Smart, L.E., Bhght, M.M., and Lane, A. (1996). A monitoring system for the 
pea and bean weevü {Sitona lineatus). In The Proceedings of The British Crop 
Protection Conference Pests and Disease 1996 volume I. Pp 173178 

Bhght, M.M., Dawson, G.W., Pickett, J.A., and Wadhams, L.J. (1991). The identification 
and biological activity of the aggregation pheromone of Sitona lineatus. 
Aspects o f Apphed Biology, 27: 137-142 

Bhght, M.M., Pickett, J.A., Smith, M.C. and Wadhams, L.J (1984). An aggregation 
pheromone of Sitona lineatus. Identification and initial field studies. 
Naturwissenschaften, 71: 480 481 

Bhght, M.M., Wadhams, L.J. and Wenham, M.J. (1978). Volatiles associated with unmated 
Scolytus scolytus beetles on Enghsh elm: differential production of
a-multistriatin and 4-methyl-3 heptanol, and their activities in a laboratory 
bioassay. Insect Biochemistry, 8 : 135-142

72



Chapter 4. A specific problem: the pea and bean w eevil Sitona lineatus  (L.)

Blight, M.M., Wadhams, L.J. and Wenham, M.J. (1979). The stereoisomeric composition of 
4-methyl-3-heptanol produced by Scolytus scolytus and the preparation and 
biological activity of the four synthetic stereoisomers. Insect Biochemistry, 9: 
525-533

Clements, R.O., and Murray, P.J. (1991). Pest and disease damage to white clover at 
widespread sites in England and Wales. Proceedings British Grassland Society 
Symposium -  Strategies for Weed, Disease and Pest Control in Grassland, 
10. 21 - 10.22

Fisher, J.R. and O’ Keeffe, L.E. (1979). Seasonal migration and flight of the pea leaf weevil 
Sitona lineatus (Coleoptera, Curcuhonidae) in northern Idaho and eastern 
Washington. Entomologia Experimentahs et Applicata, 2Q- 189-196

Glinwood, R.T., Blight, M.M. and Smart, L.E. (1992). Confidential 1st report of a 
collaborative project between lACRRothamsted and Norsk Hydro. 
Development of a monitoring trap for the pea and bean weevil, Sitona lineatus 
(L).

Glinwood, R.T., Blight, M.M. and Smart, L.E. (1993a). Confidential 2nd report of a 
collaborative project between lACRRothamsted and Norsk Hydro. 
Development of a monitoring trap for the pea and bean weevü, Sitona lineatus 
(L).

Glinwood, R.T., Blight, M.M. and Smart, L.E. (1993b). Development of a monitoring trap 
for the pea and bean weevü, using the aggregation pheromone. lOBC/WPRS 
bulletin, 16: 347 350

Goldson, S.L., Proffitt, J.R. and McNeill, M R. (1990). Seasonal biology and ecology in New 
Zealand of Microtonus aethiopoides (Hymenoptera: Braconidae), a parasitiod of 
Sitona spp. (Coleoptera: Curcuhonidae), with special emphasis on atypical 
behaviour. Journal o f Apphed Ecology, 27: 703 722

Gratwick, M. (1992). Crop pests in the UK. CoUected edition of MAFF leaflets. London: 
Chapman and Hah. pp 190-192

Hamon, N.M. (1983). Some aspects of the biology of the pea and bean weevü Sitona 
lineatus L., with particular reference to its status as a pest of field beans, - 
Vicia faba L. PhD thesis: Hatfield Polytechnic, UK

Hamon, N.M., Bardner, R., Allen Wühams, L., and Lee, J.B. (1987). Fhght periodicity and 
infestation size of Sitona lineatus L. (Coleoptera, Curcuhonidae). Annuals o f 
Apphed Biology, 111:271-284

Hummel, H E. and Miller, T.A (eds ). (1984). Techniques in Pheromone Research. New 
York: Springer-Verlag. 131 159, 179-189

73



Chapter 4. A specific problem: the pea and bean w eevil Sitona lineatus  (L.)

Jackson, D.L. (1920). Bionomics of weevils of the genus Sitones injurious to leguminous 
crops in Britain. Annuals o f Applied Biology, I- 260-298 

Jaworska, M. (1992). Field preference of annual legumes by pea weevil, Sitona lineatuslj.
(Col, curcuhonidae). Anzeiger fur Schadlingskunde Pflanzenzchutz 
Umweltschutz, 65: 70-72 

Jones, F.G.W. and Jones, M. (1984). Pests of field crops. 3'’̂  Edition. London: Edward 
Arnold.

King, J.M. (1981). Experiments for the control of pea and bean weevü {Sitona lineatus) in 
peas, using granular and hquid insecticides. In Proceedings of the British 
Crop Protection Councü, pp 327-331 

Lance, D. (1983). Host-seeking behavior of the gypsy moth: the influence of polyphagy and 
highly apparent host plants. In  Herbivorous Insects: Host-Seeking Behavior 
and Mechanisms. Ahmad, S. (ed ). New York: Academic Press. pp210-223 

Landon, F., Ferary, S., Pierre, D., Auger, J., Biemont, J.C., Levieux, J. and Pouzat, J.
(1997). Sitona-Iineatus Host plant odors and their components: effect on 
locomotor behavior and peripheral sensitivity variations. Journal o f Chemical 
Ecology, 23:2161-2173 

Landon, F., Levieux, J., Huignard, J., Rougon, D. and Taupin, P. (1995). Feeding activity 
of Sitona-Iineatus L. (Col, Curcuhonidae) on Pisum sativum L. (Leguminosae) 
during its imaginai hfe. Journal o f Apphed Entomology -  Zeitschrift Fiir 
Angewandte Entomologie, 119: 515-522 

Loughrin, J.H., Potter, D.A., Hamüton Kemp, T.R., and Byers, M E. (1996). Volatüe 
compounds from crabapple {Malus spp.) cultivars differing in susceptibihty to 
the Japanese beetle {Popilha japonica Newman). Journal o f Chemical Ecology, 
22: 1295-1305

May, M L., and Ahmad, S. (1983). Host location in the Colorado potato beetle: searching 
mechanism in relation to oligophagy. In Herbivorous Insects: Host-Seeking 
Behavior and Mechanisms. Ahmad, S. (ed.). New York: Academic Press, 
pp 173-200

Murray, P. J., and Clements, R.O. (1994). Investigations of the host preferences of Sitona 
weevils found commonly on white clover {TrifoUum repens ) in the UK. 
Entomologia Experimentahs et Apphcata, 71: 73-79 

Nielsen, B.S. (1990). Yield responses of Vicia faba in relation to infestation levels of Sitona 
lineatus V. (Col. : Curcuhonidae). Zeitschrift Fiir Angewandte Entomologie,
110: 398-407

74



Chapter 4. A specific problem: the pea and bean w eevil Sitona lineatus  (L.)

Nielsen, B.S. and Jensen, T.S. (1993). Spring dispersal of Sitona-lineatus * the use of 
aggregation pheromone traps for monitoring. Entomologia Experimentalis et 
Applicata, 66 21-30

Oschmann, M. (1984). Untersuchungen zur Ertragsbeeinflussung der Acker bohne ( Vjcia 
faba L.) durch den Linierten Blattrandkafer {Sitona lineatus L. Coleoptera, 
Curcuhonidae). Archiv Für Phytopathologie and Pflanzenschutz, Berlin, 2Q: 
371-381

Ridgway, R.L., Inscoe, M.N., and Dickerson, W.A. Role of the boU weevil pheromone in 
pest management. In Behaviour-Modifying Chemicals for Insect Management. 
Apphcations of Pheromones and Other Attractants. (Ridgeway, R.L., 
Silverstein, R.M. and Inscoe, M.N., eds). 1990. New York: Marcel Decker, Inc. 
pp437-471

Schmuff, N.R. (1984). The chemical identification of the rice weevil and maize weevd 
aggregation pheromone. Tetrahedron Letters, 2b- 1533 1534 

Smart, L.E., Blight, M.M., Pickett, J.A., and Pye, B.J. (1994). Development of field 
strategies incorporating semiochemicals for the control of the pea and bean 
weevil, Sitona lineatus L. Crop Protection, 13: 127135 

Smart, L.E., Pickett, J.A., and PoweU, W. (1997). "Push-PuU” strategies for pest control.
Grain Legumes, 15: 1415 

Soffe, R.J (ED). (1995). Primose McConnell’s The Agricultural Notebook. 19*̂  Edition.
Oxford: Blackwell Science. P 170-174 

Williams, L., Schotzko, D.J., and O’Keeffe, L.E. (1995). Pea leaf weevil herbivory on pea 
seedlings: effects on growth response and yield. Entomologia Experimentahs 
et Applicata, 16- 255-269

75



Chapter 5. An introduction to GO

C h a p t e r  5

A N  I N T R O D U C T I O N  T O  G A S  C H R O M A T O G R A P H Y
( G O

5.1. INTRODUCTION

Gas chromatography (GC) is a widely used technique for qualitative and 

quantitative analysis of a large number of compounds (see Baugh, 1993 or McNair 

and Miller, 1998). GC is a dynamic separation system using of two media, a 

stationary phase and a mobile phase. If the GC stationary phase is a liquid, then we 

refer to gas liquid chromatography (GLC). This is often further shortened to GC and 

it is GLC th a t is referred to in this thesis whenever the term GC is mentioned. The 

mobile phase is usually an inert gas tha t carries the components to be analysed 

through the chromatographic system.

Separation is achieved by the partition of the sample between the GC 

stationary and mobile phases (the GC separation process, 1996). The process is 

termed partition with each analyte component (AB,C, etc) distributed between the 

stationary phase and the mobile phase as they pass through the gas chromatograph 

instrument. I t has a partition coefficient, K, the ratio of concentrations in the two 

phases. K depends on the inter molecular forces and the vapour pressure of the 

solute. The partition or capacity ratio, k% is the ratio of the amounts in the 

stationary (S) and gas (G) phases;

k' = K ^  (equation 5.1)

Where Vs and Vs =the volumes of stationary and mobile phases respectively 

The phase ratio, p, is given by equation 5.2.

V
>0 = ^  (equation 5.2)

K
so th a t k' = —  (equation 5.3)
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The fraction of the total time the solute spends in the stationary phase is 

k*
l  +  k '

and the fraction of the time spent in the gas phase is

(equation 5.4)

 ̂ (equation 5.5)
l + k '

and the time it spends on the column, the retention time, tn , is given by

= = (l + k') (equation 5.6)

Where tR = retention time, L = column length, u = average hnear velocity of the gas through 

the column, and k’ = partition or capacity ratio

The retention volume, V r, is the volume of gas required to elute the solute. 

If there is no chromatographic retention, tn becomes tM , the retention time of an 

unretained peak (simply the volume of gas in the column).

(equation 5.7)

The part of the retention time during which* the solute is held back by the 

stationary phase is t  r  =  (tR - tw ) ,  and thus from equations 5.6 and 5.7

f  '
k' = —̂  (equation 5.8)

'*'m

The composition of the mobile phase as it emerges from the system, the 

eluent, is continuously monitored by a flame ionisation detector (FID). The 

concentration of component molecules at any given time is plotted against time or 

volume of mobile phase to construct the chromatogram (figure 5.1). Since the 

component molecules spread out during the separation, Gaussian shaped peaks are 

produced on the chromatogram. The greater the affinity of the component for the 

stationary phase, the longer the component takes to move through the 

chromatograph, and the greater the spread of the peak. Hence, component C of 

figure 5.1 has a broader peak than components B or A.
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There are two types of GC programmes, described by the temperature 

characteristics of the separation. First there are isothermal separations where the 

tem perature is held constant throughout the separation. In the other type of 

separation, called temperature-programmed GC, the temperature begins a t one 

point and is then raised in small increments per unit time (ramps) until a second 

tem perature is reached. This ramping process may be repeated until a final 

tem perature is reached. Temperature-programmed analysis is particularly suited to 

complex samples with components whose vapour pressures extend over a wide 

range. Unless otherwise stated, it will be temperature-programmed GC th a t is used 

throughout this study.
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(a) Flow of mobile phase

Initial AAAA 
« a g e  B B M
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C oncentration
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(b)
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■w.

Time of analysis
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Figure 5.1. The separation of a three component mixture ABC (figure 5.1a) and A 

chromatogram showing various chromatographic properties (figure 5.1b).
Where to = tim e for solvent or mobile phase to pass through the system! tRA = retention tim e of 

component A, Va = retention volume of A, tRb = retention tim e of component A, Vb = retention volume of 

A, tRc = retention tim e of component A, Vc = retention volume of A! h = peak height, hA for component A, 

he for B and he for C: tw = width at base of the peak! tw m = width of a peak at half height! a and b are the 

width of the leading and trailing halves of a peak, used to determine peak symmetry
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5.2. GC RETENTION INDICES

In 1958, E S Kovats published a system to report retention times relative to 

one another. The system he devised reported a compound of interest’s retention time 

relative to the n alkane series. This m eant tha t values were dependent only on the 

stationary phase and to a lesser extent, on column temperature. Column length, 

diameter, inlet pressure and flow rate are all irrelevant factors when a homologous 

series of hydrocarbons is chromatographed, the intramolecular forces are relatively 

constant, and the separation is controlled predominantly by the differences in vapour 

pressure.

A rectilinear relationship is observed when Log of the retention time is 

plotted against Kovats Index (Ki). For the n alkanes, Ki is equal to 100 times the 

number of carbon atoms present (e.g. decane has an Ki of 1000, hexadecane has an 

Ki of 1600, etc.). Thus, the Ki for any compound can be calculated from the retention 

times of the alkanes eluted before (Vg, z) and after the compound (Vg, z +i) using 

equation 5.9.

Ij =lCX)z + 100 logVaj -logVa.i 
l09Vg,z.l -logVj,,

(equation 5.9)

where log Vg, i = specific retention volume of solute i, log Vg, z = retention volume of compound 
with z carbon atoms , log Vg, z +i = retention volume of compound with z + 1 carbon atoms

The Kovats Index system was designed for isothermal GC. It has been 

suggested in the literature, that a true temperature programmed GC Kovats index 

equivalent is extremely hard to achieve (Lee and Taylor, 1982; Johansen eta l., 1983; 

Gonalez and Nardillo, 1999). It has also been suggested tha t the direct conversion of 

isothermal Kovats to temperature programmed retention index was not feasible 

(Golovnya and Uraletz, 1968; Curvers e t al., 1985). Despite these suggestions, this 

study makes use of a temperature programmed retention index defined using 

equation 5.10 (Van Dool and Kratz, 1963).
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lOOz x Tr {z ) . .
Ip (x) = ---- ——-----—— - ----  (equation 5.10)

Tr { z  + 1) x  T r { z )

Where, Ip (x) = the temperature programmed retention index 
T r = the temperature at which a compound elutes 
Z = the n alkane eluted before to the compound of interest 
Z +1 = the n alkane eluted after to the compound of interest

5.3. SPECIFIC RETENTION VOLUME, Vg

The retention volume per unit mass of stationary phase at 0°C is known 

as the specific retention volume or Vg.

V = (equation 5.11)Ws rpM
where R = gas constant, y = activity coefficient ( a factor which multiples the actual

concentration to give the ‘effective’ concentration, p =solute vapour pressure, and Ws = 
mass of the stationary liquid with molecular weight M

Since p is a function of temperature, a Clausius Clapeyron equation can be used'

In/? = + constant (equation 5.12)

where p =solute vapour pressure, AHv = heat of vapourisation per mole of solute, R = gas 
constant and T ^column temperature

Combining equations 5.10 and 5.11, we get

In Vq = + In constant (equation 5.13)
RT ym

It follows that graphs of both In Vg and In t r  (since Vg is proportional to 

t  r )  against reciprocal temperature are straight lines.

5.4. LINKING RETENTION TO THERMODYNAMICS

It is possible to link retention data to thermodynamic magnitudes. 

Golovnya and co workers derived some equations relating retention indices to the 

enthalpies, entropies and free energies of solution (Golovnya and Arseyev, 1971 (in 

Santiuste, Dai and Takacs, 1998); Golovnya and Misharina, 1980). The equation of
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Golovnya and Misharina (1980) yields the partial molar Gibbs energy of solution of a 

solute, I, on a given stationary phase (SP) at a temperature (T) as:

--2 .303/?r
100

b + log M l
273.15

(equation 5.14)

where p = SP density, T = column temperature (K), h = Kovats retention index(eq. 5.9), log 

Vg, z = retention volume of compound with Z carbon atoms, and b = the slope of the regression 

of carbon number versus I^g  adjusted retention time (Budahegyi et al, 1983).

5.5. THE CONVERSION OF GC RETENTION DATA INTO SPECIFIC VOLUME 

DATA

First the b value of the column was calculated from an injection of a 

mixture of n alkanes (C8-17) at lOOng/ pi. A regression of the number of carbon 

atoms in the alkane versus Log adjusted retention time ( P r )  was performed (see 

figure 5.2). This plot is generally linear except for the first few members of the 

homologous series. The slope of this regression was the b value (Budahegyi et al., 

1983).

2

1.6

1.2

0.8

0.4

0

8 10 12 14 16

No. of carbon atoms

Figure 5.2. A graph of the Wg of the adjusted retention time against the number of 

carbon atoms for the n alkanes eluted from the HP 1 column used in chapter 9.

Once the b value had been established, the GC retention index data were 

transformed into specific volume. Log Vg, using the equation 5.15.
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( T - 1000^
Log Vg = — — x b  (equation 5.15)

V 100 y

Where b = Slope of the regression of carbon number versus Log adjusted retention time 
(Budahegyi etal, 1983) and I = Retention index (Kovats).

5.6. QUANTIFICATION OF GC PEAKS

Quantification of the GC peaks was achieved using a response factor 

approach (Baugh, 1993). This was required since the GC FID detector does not 

respond to all compounds in the same way. The normalisation factor, K, was 

calculated from equation 5.16. This normalised the peak area of the test compound 

to tha t of the internal standard in both the calibration samples and the sample 

solutions.

^  \  ^ (equation 5.16)
C s . AiS

Where K= normahsation factor, 0= concentration, A= area (or peak height), is= internal 
standard, . = multiply, and s= the test compound as a standard.

The concentration of the test compound could then be calculated in the sample by 

using equation 5.17.

Ct = (equation 5.17)
K. AiS

Where K= normalisation factor, C = concentration, A = area (or peak height), is = internal 
standard, . = multiply, and t = the target (test) substance in the sample.
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C h a p t e r  6

I N T R O D U C T I O N S  T O  T H E  T E C H N I Q U E S  U S E D  T O  
R E L E A S E  A N D  E V A L U A T E  T H E  A T T R A C T I V E N E S S  

O F  S E M I O C H E M I C A L S  I N  A F I E L D  S C E N A R I O .

6 .1. THE LOSS OF COMPOUND FROM GLASS VIALS

The glass vials used were purchased from Chromacol, Welwyn Garden City 

and of type 08-CPV (a). An example is shown in figure 6.1, each vial has a 0.8ml 

capacity with a 40mm height and a 6mm external base diameter. They were made 

from amber glass and capped with polythene stoppers (Chromacol, 8-PEP l) that 

had a 1mm hole drilled in them to allow the chemical to escape.

Figure 6.1. An example of the glass vial used in this study.

6.1.1. Preparation of the glass vials

An aliquot (10 pi) of compound was added to each amber glass vial. 

Redistilled diethyl ether (50 pi) was added to each vial to help disperse the 

compound, and decrease the distance over which diffusion is unassisted (Hartley 

and Graham Bryce 1980). Then a push in polythene cap was added with a 1mm 

hole drilled in it to allow the loss of the vial contents. There were 4 vials prepared 

for each time period, t = 0, 7, 14, 21, 28 and 35 days for the first set of compounds 

tested. The other compounds were sampled on 0, 1, 2, 4, 8 , 16 and 24 days and had 

3 duplicate vials.
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6.1.2. Extraction of the glass vials

Glass vials were extracted with an extraction solution tha t contained lOmg 

dodecane/ 20ml diethyl ether. The four t = 0 vials were extracted immediately by 

placing them into a wide necked quick fit test tube and adding 20ml of the dodecane/ 

diethyl ether extraction solution. The tubes were stoppered and PTFE tape was 

applied to the joint. The tubes were left at room tem perature to extract for 24 hours. 

After this time, an aliquot was removed and diluted 5 times with redistilled hexane 

before gas chromatography (GC).

6.1.3. Glass vial trea tm en t development

The release rate of the SitonahsSX semiochemicals from the glass vial system 

was established under controlled conditions (temperature-controlled cabinet with a 

temperature of 20± 2°C & a 0.2m/s wind speed). Table 6.1 shows a summary of the 

compounds used and their release rates under indoor conditions.

Table 6.1. Amounts of each component compound released per day in an indoor 
glass vial study in 2001*.

Compound Release rate mg/day
( .^ S h e x e n lo l 0.33

lo c te n S o l 0.19
beta caryophyllene 0.06

alpha terpineol 0.06
2 phenyl ethanol 0.07

benzyl alcohol 0.08
hexanal 3.84$

(.^-3-hexenyl acetate 0.36
linalool 0.12

0.12

$ Species was not detected after day 2; see text for explanation.
* Figures were calculated from the MLP fit of the loss of compound from the vial 
using the following equation:

(1-D24 percentage remaining figure) x average weight of compound in vial
24

The release rate for hexanal was higher than the other compounds in table 

6.1 because the compound evaporated quickly and was not detected by the solvent 

extraction/ GC quantification process after day two. Hexanal has the highest vapour
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pressure of the compounds considered in this tahle (see table 12.1, chapter 12 

Appendix).

In order to make the values in table 6.1 directly comparable to those of the 

original Blight study, it was necessary to multiply them by six. One could calculate 

how many times less these values were than the desired release and allocate a 

sufficient number of vials to achieve the desired release rate (table 6.3). Table 6.2 

shows the original B1 and B2 Polybag treatm ents and the relative proportion of each 

component in the treatment.

Table 6.3. The number of vials of each compound required for the B3 and B4 

treatm ent baits for the present study experiment two.

Compound B3
Vials

B4
Vials

( ^  3 hexen l ol 3 4
1 octen 3 ol 1 1
beta caryophyllene 1 2
alpha terpineol 6 8
2 phenyl ethanol 1 2
benzyl alcohol 1 1
hexanal 1 (1/100*) 1 (1/100*)
( ^  3'hexenyl acetate 10 30
linalool 1 (1/100*) 1
methyl salicylate - 1

1/100* = 1/100 of the amount normally used, made up in hexane to allow 50pl of the solution 
to have the required amount in.

The B3 and B4 treatm ents formed the basis of experiment two described in 

detail in chapter 15. The release of the glass vial treatm ents was compared to 

Polybag treatments deployed in experiment one.
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Table 6.2. The amounts and proportions* of component compounds in the original and the present study complex bait mixtures.

Compound Original
B1

mg/day

Proportion Present
B3*

mg/day

Proportion original
B2

.....mg/dax.....

Proportion Present 
B4* 

......mg/day...

Proportion

W  3 hexen I'ol 16.5 30 5.94 16.5 13.0 21.67 7.92 11
1 octen 3 ol 1.75 3.18 1.14 3.17 1.8 3 1.14 1.58
beta caryophyllene 0.55 1 0.36 1 0.6 1 0.72 1
alpha terpineol 3.1 5.64 2.16 6 3.5 5.84 2.88 4
2 phenyl ethanol 0.6 1.09 0.42 1.17 0.6 1 0.84 1.17
benzyl alcohol 0.45 0.82 0.48 1.33 0.5 0.83 0.48 0.66
hexanal 0.45 0.82 0.23 0.64 2.5 4.17 0.23 0.32
W  3 hexenyl acetate 10.5 19.09 21.6 60 11.0 18.33 64.8 90
hnalool 0.55 1 0.0066 0.02 0.5 0.83 0.72 1
methyl salicylate 1.0 1.67 0.72 1

(total) 34.45 20.18 35

* These amounts appear unduly high since they were multiphed by 6 to allow direct comparison with the original B1 and B2 treatments.

* Proportions are reported relative to beta caryophyllene as the standard (l).
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The glass vial release system developed in this study allows us to look a t 

specific modifications in key ratios. A key advantage of the system over other 

systems is that the glass vials can release the field stable ratios required for this 

task. Further glass vial treatm ents were designed and tested using the B3 

treatm ent as a starting point. Experiment three concentrated on the affect of 

treatm ents containing 3 hexanol and W  3 hexenyl acetate, whilst experiment 

four (chapter 16) comprised four treatm ents tha t further explored the importance of 

ratio integrity. In each experiment, one treatm ent was deployed per trap, along with 

synthetic aggregation pheromone, 4 methyl 3,5 heptanedione, which was released at 

250 micrograms per day by diffusion from snap top polythene vials (Biddle e t al., 

1996).

6.1.4. Glass vials for quantification of loss of compound in a field situation

One glass vial of each compound in the treatm ent was placed into a small 

bundle. This bundle was located near the experiment to enable a check on the 

release of components under field conditions. A bundle of vials were made for each of 

days 1, 2, 4, 8 , 16 and 24. The contents of each vial were removed by solvent 

extraction [chapter 6.1.2]. GC was used to calculate the amount of compound tha t 

remained in each vial at a specific time point (percentage remaining value).

The percentage remaining values for each compound were fed into the MLP 

software [described in full in chapter 11]. The software yielded an equation th a t 

described the loss of compound from the glass vial under field conditions and 

produced a rate constant, k, for the loss of compound from a glass vial. In addition, 

percentage remaining values were transformed into total loss of compound per day 

per vial using equation 6 .1.

percentage r e m a i n i n g ^  Weight of compound in vial (Equation 6.1.)1-

V V 100
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6 .2 . POLYBAGS

6 .2 .1 . Preparation of Polybags

The production of Polybag complex baits (Polybags) required a heat sealer, 

thin kitchen sponge (Sainsburys) and a length of lay flat polythene tubing (Al 

Packaging, London). 25 x 20mm pieces of kitchen sponge were Soxhlet extracted for 

12 hours with chloroform to remove excess dyes and fungicides. The sponges were 

left to evaporate excess chloroform in the fume cupboard and then dried at 40 

degrees for 4 hours. Two types of kitchen sponge were used, one type was termed 

thick (depth 80mm) and a second was termed thin (depth 25mm). For some baits, it 

was necessary to cut up the sponges further to make them % or V4. of the original 

size.

Bags of Polythene tubing were made by cutting lengths of tubing 

(approximately 7cm) and sealing one end of the polythene with the heat sealer. 

Polybag baits were made by placing a piece of sponge into the polythene tubing bag 

and then adding a predetermined amount of one compound (tables 6.4 and 6.5) to the 

sponge using a glass capillary pipette. Each polythene bag was then sealed using 

the heat sealer, enclosing the sponge within a bag of dimensions 50mm by 40mm. 

Bags were labelled and a hole punched, using a stationary hole punch, in the surplus 

polythene at the top of the bag.

6 .2 .2 . Polybag treatm ent details

The B1 and B2 Polybag treatm ents comprised a Polybag for each chemical 

(see tables 6.4 and 6.5 for details) fastened together and deployed in a single boll 

weevil trap. Polybag treatm ents were used only in experiment one.
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Table 6.4. Specifications of the Polybags used in the B 1 treatm ent used in the field 

trial, experiment one.

Compound Amount of 
compound 

apphed (ml)

Sponge
type

Gauge
polythene

Estimated
release

(mg/day)"^
(Z)-B-hexen-l-ol 1 Thick 100 13
(Z)-3*hexen-l*ol 0.2 Thick 250 3.5
1-octen-3-0I 0.2 Thin 2000 1.75
beta caryophyllene 0.1 V2 thin 4000 0.55
alpha terpineol 150mg Thin 750 3.1
2-phenylethanol 0.1 Thin 1250 0.6
benzyl alcohol 0.1 Thin 1500 0.45
Hexanal 0.1 % thin 5000 2.6
(Z)-3 hexenyl acetate 0.5 Thin 2500 10.5
Linalool 0.1 Thin 2500 0.55

Margaret Bhght (unpub.)

Table 6.5. Specifications of the Polybags used in the B2 treatm ent used in the field 

trial, experiment one.

Compound Amount of 
compound 

apphed (ml)

Sponge
type

Gauge
polythene

Estimated
release

(mg/day)'^
(Z)-3-hexen-lol 1 Thick 100 13
l-octen-3-ol 0.2 Thin 1000 1.8
beta caryophyllene 0.1 Thin 2000 0.6
alpha terpineol 150mg Thin 500 3.5
2-phenylethanol 0.1 Thin 1000 0.6
benzyl alcohol 0.1 Thin 2000 0.5
hexanal 0.1 % thin 5000 2.5
(Z)-3 hexenyl acetate 0.5 Thin 2000 11
linalool 0.1 Thin 2000 0.5
methyl sahcylate 0.07 % thin 4000 1

Margaret Bhght (unpub.)

6.3. FIELD EXPERIMENTATION PROTOCOL

6.3.1. Cone traps

The pea and bean weevil was trapped using a modified, commercially 

available (Agralan, Swindon), boll weevil cone traps (figure 6.2).

The trap has an overall height of 23.5cm. The green plastic base unit has a 

ground diameter of 11cm and is 14cm in height. The base unit has four notches cut
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into it a t ground level to allow the Sitona to walk up the inside of the plastic base 

unit towards the trap. The wired cone area is made from a woven stainless steel, 

square mesh cloth and the cone extends approximately 7.5cm above the green base 

unit. The clear, circular collecting unit at the apex of the cone is 5cm in height and 

diameter. The wired area / clear collecting unit forms a one-way entrance system 

with no exit.

Nylon shock cord guys attached to tent pegs peg down the cone traps. 

Traps were deployed at ground level as they catch significantly more (P<0.001) 

insects than conventionally sited boll weevil traps located on polls Im above the 

ground (Glinwood, Blight and Smart, 1992). In addition, ground level treatm ents 

will catch more insects since over wintered weevils tend to fly to the vicinity of host 

crops and then walk to the point of attraction (Glinwood, Blight and Smart, 1992). 

The treatm ents were suspended from the wire mesh inside the trap, just above the 

height of the green base unit using two pieces of gardening wire. Figure 6.2 shows 

inside the cone area of a trap with the bundle of glass vials clearly visible.
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Figure 6.2a

Figure 6.2b

Figure 6.2. An external view of the boll weevil trap adapted for field trials 

(figure 6 .2a). An internal view of the wired cone area and the collecting unit 

of the trap (figure 6 .2b). The treatment bundle of glass vials is clearly visible, 

as is the polythene vial used to release the aggregation pheromone.
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6.3.2. Latin  square design

Latin squares as a sampling technique were first described by Fisber 

(1935), although the utilization for trapping experiments was not foreseen at that 

time. In short, the number of sites and occasions equals the number of treatments. 

They are efficient designs since each treatm ent occurs once a t each site and on each 

occasion the treatm ent means are independent of any effects due to sites or 

occasions. Only one treatm ent occupies a site on any occasion, so tha t trap 

interactions may be avoided.

Analysis of variance (ANOVA) is commonly used when there are three or 

more treatm ents to be compared. The calculations involved in ANOVA answer the 

question “Are there one or more significant differences anywhere among these 

treatments?” ANOVA can tell us whether these observed values might all belong to 

the same population, regardless of treatment, or whether the observations in a t least 

one of the treatm ents seem to come from a different population. ANOVA compares 

the variability of values within the treatm ent with the variation of values between 

the treatm ents (Rowntree, 1981; Chambers 1991).

The sum of squares attributable to sites and occasions are allowed for in the 

ANOVA (of the Latin square design) so th a t the error mean square is smaller, and 

differences among treatm ents are easier to detect (table 6 .6). The sites should be far 

enough apart to ensure tha t interactions between traps can confidently be assumed 

not to occur, bu t near enough to experience similar weather on any given occasion.

Table 6 .6 . The ANOVA for a 4 x 4 Latin square design.

Source___________________________________ Degrees of freedom (dO___
Sites 4
Occasions 4
Treatm ents 4
Error (by subtraction) 12
Total 24

A logarithmic transformation of the insect counts before analysis eliminates 

dependence of the variance upon the mean, and aids additivity. Data from some 

occasions may be inadmissible, for example low catches due to poor weather. A 

Latin square design allows these to be repeated a t the end of the experiment.
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Similarly, inadmissible site data may be removed from the analysis with only minor 

loss of balance, and missing values can be allowed for easily.

The Latin square design is commonly used in field trials involving insect 

sex attractants (Perry, Wall and Green way, 1980). Furthermore, it has successfully 

heen used in previous Sitona lineatus work (Glinwood, Blight and Smart, 1992, 

1993a, 1998b, 1994).

A randomised block (Latin square) design was used in the experiments 

described in chapters 15 and 16 (Smart, Blight and Hick, 1997). Traps in one 

replicate (i.e. row) of a block were set out in a straight line at 10m spacing along the 

uncultivated grassy edge of the field. The number of moths caught in a pheromone- 

baited trap may be influenced by the presence of similar traps nearby (Wall and 

Perry, 1978, 1980; Elkington and Garde, 1988). No such trap interaction had been 

recorded with S. lineatus and the 10m spacing has heen used since Glinwood, Blight 

and Sm art discovered tha t traps do not interact at this trap spacing (Glinwood, 

Blight and Smart, 1992).

Due to space constraints and the labour required to prepare, deploy, check, 

re randomise and collect trap catches, the entire Latin square could not be deployed 

into the field at a single time. Instead, a line of treatm ents corresponded to the first 

row of the square, and each rerandomisation represented subsequent rows of the 

square. Traps were inspected at regular intervals and re-randomised when a 

threshold of 5 insects per trap was reached. Each experiment involved the Latin 

square being repeated twice.

6.3.3. Experim ental treatm ents

The B1 and B2 Polybag treatm ents used in experiment one were described 

in detail earlier in chapter 6.2. The B3 and B4 glass vial treatments used in 

experiment two were described in chapter 6.1.3. The B8 and B9 glass vial 

treatm ents used in experiment three are described in detail in chapter 15. The B5, 

B6 and B7 glass vial treatm ents used in experiment four are described in detail in 

chapter 16.

6.3.4. Insect collection and identification

Identification of the sex and the counting of trap catches of the weevils were 

performed by Lesley Sm art and Janet Martin of the Biological Chemistry Division,

96



Chapter 6. An introduction to the techniques used to evaluate sem iochem icals in the field

Rothamsted Research. Insects were sexed by examination of the ventral posterior 

abdominal segments (Jackson, 1920).

6.3.5. Statistical analysis of trap  catches

ANOVA were performed on transformed total catch data of the experiments 

described in chapters 15 and 16. The transformation was an x = logio (y+l), where x 

and y were transformed and un transformed counts, respectively. The (y+l) 

component is required for zero trap catches or else we would need to plot logio

00, which is not possible.

Following ANOVA, the transformed mean catches per treatm ent were 

compared using the Least Significant Difference test (LSD) when the F statistic for 

the treatm ent effect was significant a t the five percent level (P<0.05).

The catch data are shown in bar graph format in the results section, and in 

tabulated form (along with Log transformed data and significances) in the appendix 

of the relevant chapters. Back transformed mean catches have been used in 

preference to arithmetic means because they represent a more accurate picture of 

the results.
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C h a p t e r  7

A N  I N T R O D U C T I O N  T O  T H E  A B R A H A M  G E N E R A L  
S O L V A T I O N  E Q U A T I O N .

It is a fundamental concept in chemistry that there is a relationship 

between the bulk properties of compounds and the structure of the molecules of 

those compounds. The concept allows experimenters to connect the macroscopic and 

microscopic properties of matter, and it has been the backbone of chemistry for many 

years. For example, compounds with carboxyl groups are termed acids; they taste 

sour, can neutralise bases and turn litmus products red (Famini and Wilson, 2001). 

A basic principle in chemistry seeks to identify and quantify these relationships 

between molecular structure and activity/ property.

There are two primary approaches available to calculate physical and 

chemical properties. The first approach involves direct computation through the 

implementation of quantum mechanical or statistical mechanical means (Politzer 

and Murray, 1994). The second approach is more empirical and involves the use of 

linear free energy relationships (LFER) and quantitative structure activity/property 

relationships (QSAR/QSPR) (Famini and Wilson, 2001). This study makes use of the 

second approach and in particular, LFER.

7.1. LINEAR FREE ENERGY RELATIONSHIPS (LFER)

A linear free-energy relationship exists when there is a linear correlation 

between the logarithm of a rate constant (or equilibrium constant) for one series of 

reactions and the logarithm of the rate constant (or equilibrium constant) for a 

related series of reactions. The best known examples of LFERs are the Bronsted 

relation and the Hammett equations.

The name LFER arises because the logarithm of an equilibrium constant 

(at constant temperature and pressure) is proportional to the standard free energy 

(Gibbs energy) change, and the logarithm of a rate constant is a linear function of the 

free energy (Gibbs energy) of activation (justified through equations 7.17.3).
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The standard Gibbs free energy of reaction (AG°) is related to a change in 

enthalpy (AH°) and entropy for the system (AS°) at a given temperature and 

pressure-

AG° = AH° - TAS° (equation 7.1)

Where AG° = The standard Gibbs free energy of reaction, AH° = The standard reaction 
enthalpy, AS° = The standard reaction entropy

Considering an equilibrium, A ^  B , the thermodynamic equilibrium constant of 
this reaction is defined as •

Keq = [B]eq / [A]eq = kf / kb (oquation 7.2)

Where iBLq = concentration of B at equilibrium, lAleq = concentration of A at equihbrium, 
kf = rate constant for the forward reaction, and kb = rate constant for the backward 
reaction.

Thus, the thermodynamic basis of all LFER can be described in terms of a 

Gibbs function of activation by the following relationship (equation 7.3):

AG° = -RT Ln Keq = AH° ■ TAS° = Ln Keq = * AG° / RT (equation 7.8)

Where AG° = the standard Gibbs free energy of reaction, R = gas constant (J K'lmol O, T = 
temperature (K), AH° = the standard reaction enthalpy, AS° = the standard reaction entropy

By assuming that the equilibrium constant is a function of the structure of 

a molecule, which in turn  affects AG°, one arrives at most of the implementations of 

LFERs. The classical descriptors designed by Hammett, then further developed by 

Taft then Abraham and co"workers, assume these relationships and validate them.

7.1.1. Linear Solvation - Energy Relationships (LSER)

When applied to solvation processes, LFERs become known as linear 

solvation energy relationships or LSERs.
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7.2. Transport related processes

Transport related processes in environmental or pharmaceutical chemistry 

involve either equilibrium transfer or the rate of transfer of a compound from one 

phase to another phase (figure 7.1). The method of Abraham is specifically 

concerned with transport related properties (Abraham, 1993).

Gas phase

f
Log Lv L o g L s

w ate r L o g P solven t

Figure 7.1. How transport related properties are related to one another.

The equilibrium transfer is controlled by the standard Gibbs energy of the 

compound in the two phases, which relates to the Gibbs energy of solvation in a 

solvent, AG°s, and the Gibbs energy of solvation in water AG°w. Since we know that

AG°s = -RT Ln Ls 

and AG°w = RT Ln Lw

(equation 7.4) 

(equation 7.5)

where AG°g = The standard Gibbs free energy of solvation in a solvent, R = gas constant (J 
K'lmol O, T = temperature (K), Ls = Ostwald solubihty coefficient in solvent, AG°w = The 
standard Gibbs free energy of solvation in water, and Lw = Ostwald solubihty coefficient in 
solvent.

and AG°t = RT Ln P (equation 7.6)

It follows that

AG°t = AG°s - AG°w (equation 7.7)

where AG°t = The standard Gibbs free energy of transfer from water to solvent
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Thus,

Log P = Log Ls ■ Log Lw (equation 7.8)

where P = partition, Ls = Ostwald solubility coefficient in solvent, and Lw = Ostwald 
solubility coefficient in water.

Likewise, similar solute properties will be important in the solvation of 

the solute, not just in one particular solvent phase, but in solvent phases in 

general. Hence, one concludes tha t similar solute properties are important in the 

transfer of solute from one phase to another phase. Ahraham sought to identify the 

general solute properties expected to be relevant to transport processes, and derive 

a set of solute properties (descriptors) tha t could be used in algorithms for 

transport properties. In addition, Abraham sought to obtain equations tha t were 

applicable to very varied sets of solutes.

7.3. THE DEVELOPMENT OF THE ABRAHAM GENERAL SOLVATION 

EQUATION

In 1986, Ahraham and co workers developed a solvation parameter model. 

It described the partition of a solute between the gas phase and the solvent via a 

cavity theorem (Ahraham e t al., 1986). The cavity theorem described the solvation 

process as comprising of three important steps. Firstly, the formation of an adequate 

sized cavity in the solvent tha t could hold the solute. This is an endoergic process 

involving the breaking of solvent solvent bonds. Secondly, the solvent molecules 

reorganise to their new equilibrium position around the cavity. Thirdly, the solute 

enters the cavity and exogeric processes occur to allow solute-solvent interactions to 

establish.

By inference from the first step, the larger the solute, the larger the cavity, 

and the greater will be the solvent-solvent interactions tha t require disruption. The 

descriptor th a t would most applicable to this situation would be the volume of the 

solute. Abraham (1993) chose to use the solute volume as it could be calculated from 

the McGowan’s characteristic volume, Vx (Abraham and McGowan, 1987). A second 

size parameter, the Ostwald coefficient at 298K for solvation of gaseous solutes in 

hexadecane, L^®, was also developed (Abraham, Greffier and McGill, 1987).

It was more complicated to develop a set of descriptors to describe the 

various solute-solvent interactions of step 3 of the cavity theorem. Any descriptor 

would need to describe five main types of interactions. Namely,
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1. solute (dipole)/ solvent (dipole) referred to as dipole/dipole

2. solute (dipole)/ solvent (induced dipole) or dipole induced dipole

3. solute (induced dipole)/ solvent (dipole) or induced dipole- dipole

4. solute (H'bond acid)/ solvent (H-bond base) or acid/base

5. solute (H'bond base)/ solvent (H bond acid) or base/acid

The descriptor had to describe both dipole/dipole and induced dipole/dipole 

interactions, which meant that the solute dipole moment, , was not suitable. This 

inevitably m eant that Abraham and co-workers had to establish a totally new 

descriptor for this purpose.

By 1990, Abraham and co workers had replaced some of the descriptors in 

the earlier equation and produced the Abraham general solvation equation, in its 

more recognisable form (Abraham e t a l, 1990; equation 7.9).

Log SP = c 4- r Rg + s 712̂  + a Z -h b Z p 2̂  + 1 log (equation 7.9)

Where SP = a property of a series of solutes in a given system, c, r, s ,a ,b, 1 = constants 
describing the two-phase system under investigation, Rg = solute excess polarisability, 
712 = solute dipolarity/ polarisabüity, U2 = solute effective hydrogen-bonding acidity, P2 = solute 
effective hydrogen bonding basicity. Log L^= Ostwald solubihty coefficient on hexadecane at 
25°C, and * = descriptor determined by Abraham and Co workers.

In recent years, the nomenclature has been simplified even further. It is 

now written in the form of equation 7.10. From this point onwards, whenever the 

Abraham general solvation equation is referred to, it will be in the form of equation 

7.10.

Log SP = c + e E  + s S- i - aA + b B  + l L  (equation 7.10)

Where SP = a property of a series of solutes in a given system, c, e, s ,a ,b, 1 = constants 
describing the two-phase system under investigation, E = solute excess polarisabüity, 
S= solute dipolarity/ polarisabüity, A= solute effective hydrogen bonding acidity, B= solute 
effective hydrogen bonding basicity and L = Ostwald solubihty coefficient on hexadecane at 
25°C

Equations 7.9 and 7.10 are examples of LFER’s th a t correlate a chemical, 

physical or biological property (Log SP) for a set of solutes to a set of solute physico

chemical property descriptors (i.e. E,S, etc.). Equations 7.9 or 7.10 can therefore be
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used to predict values of the dependent variable for a different solute providing the 

descriptors are known. More importantly, the equation coefficients provide 

information about the physico-chemical properties of the phase system under 

investigation.

7.4. THE MEANING OF THE DESCRIPTORS OF THE ABRAHAM GENERAL 

SOLVATION EQUATION

The five Abraham property descriptors (E, S, A, B and L from equation 

7.10) represent the solute effects on the various solute-solvent interactions.

7.4.1. The excess molar refraction descriptor, E

The polarisabilitycorrection descriptor, Ô2, used by Abraham, Kamlet and 

Taft in their solvatochromatic equation prior to deriving equation 7.9 was limited 

to three values. It could be 0.5 for halogenated aliphatics, 1.0 for aromatics and 0.0

for all other compounds. A number of alternatives to Ô2 were considered (Dearden,

Bradburne and Abraham, 1991), and excess molar refraction (MRx) was chosen 

(Abraham e t a l, 1990). Molar refraction is often used as a measure of 

polarisability and can be defined as-

MRx = 10[(n2-l)/ (n2+2)] Vx (equation 7.11)

Where n = refractive index of a solute that is hquid at 298K (for sohds, the refractive index 
of a hypothetical hquid at 298K can be calculated) and Vx is the McGowan characteristic 
volume in (cm^mol O/lOO (McGowan, 1984).

The presence of a volume term in molar refraction limits the use of 

equation 7.11. The refractive index function itself is a superior indication of the 

presence of polarisable n and tt electrons in a molecule and is advantageous as it is 

almost independent of volume. The refractive indices for aromatic or halogenated 

aliphatics are always larger than for other aliphatic compounds.

The molar refraction of a solute in excess’ of the molar refraction of an 

alkane of the same characteristic volume can be defined as E (equation 7.12) with 

units of 10 icm3 mol k

E = MRx(observed) - MRx(for alkane with same V) (equation 7.12)
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By subtracting the molar refraction for an alkane of the same 

characteristic volume, the dispersive component of molar refraction (which is 

already accounted for in the V and L terms of the solvation equation) is removed.

7.4.2. The polarisability / dipolarity descriptor, S

The polarisahility/dipolarity descriptor, n*, used by Abraham, Kamlet and 

Taft in their solvatochromatic equation and developed in equation 7.9 resulted in 

three notable problems. Firstly, tt* is experimentally accessible only for 

compounds tha t are liquid a t 298K. Therefore, values had to be estimated for 

associated compounds such as acids, phenols, alcohols and amides as well as

gaseous and solid solutes. Secondly, there is an inherent assumption tha t 7ii* is 

the same as k* for non associated liquids, but this may not always he the case.

Thirdly, due to its spectroscopic origins, n* was not a Gibbs energy related term.

It was necessary to develop a method tha t would allow the determination 

of a polarisability / dipolarity scale, (previously 712^ tha t was Gibbs energy related 

and could be applied to all types of solute molecule. Abraham and co workers 

constructed such a polarisability / dipolarity descriptor, S, from the extensive sets 

of gas liquid chromatographic retention data. This unlocked hundreds of S values 

(e.g. McReynolds, 1966; Patte, Etcheto and Laffort, 1982)

7.4.3. The hydrogen bond acidity and basicity descriptors, A and B

Abraham and co workers developed an acidity and basicity scale using 

equilibrium constants (log K) for 1-1 complexation of a series of monomeric acids 

against a given reference base in tetrachloromethane (Abraham e t ah, 1989). The 

use of equilibrium constants means the scale is Gibbs energy related.

The A (previously a 2̂  ) and B (previously ) scales define the influence of 

solute structure on 1*1 complexation. However, when the molecule is surrounded by 

solvent molecules, it will undergo multiple hydrogen bonding. The summation or 

overall hydrogen bonding is then represented by E and ZP 2̂  that refer to the 

ability of a solute to interact with a large excess of solvent molecules.
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7.4.4. The Ostwald solubility coefficient descriptor, L

If we consider the first step of the cavity theorem described earlier [chapter 

7.3], the larger the solute, the larger the cavity. However, step three of the same 

theorem suggests tha t the larger the solute, the greater its tendency to take part in 

solute solvent interactions of the general London dispersion type. The Ostwald 

solubility coefficient, L (previously log combines these two steps and is defined 

as the solute gas hexadecane partition coefficient at 298K (Abraham, Oreiller and 

McGill, 1987). Hexadecane was chosen as the reference solvent for this descriptor as 

it is a readily available non polar liquid with a well-defined structure. Also, L can be 

readily obtained from GO measurements.

7.5. THE MEANING OF THE COEFFICIENTS IN THE ABRAHAM GENERAL 

SOLVATION EQUATION

The solute descriptors represent the solvent influence on the various solute- 

solvent phase interactions. Therefore, c, e, s, a, b, and 1 (or v) are the corresponding 

effects of the phase on these interactions. It is common to view the coefficients as 

system constants th a t characterise the phase and yet, at the same time, contain 

chemical information about the system.

The e-coefficient of equation 7.10 is a measure of the phase polarisability 

and indicates the phase’s tendency to interact with solutes through n -  and n- 

electron pairs. The s-coefficient is a measure of the phase dipolarity/ polarisability 

and indicates the tendency of the phase to interact with dipolar/polarisable solutes. 

The a coefficient is a measure of the phase hydrogen bond basicity (since an acidic 

solute will interact with a basic phase), and the b-coefficient is a measure of the 

phase hydrogen bond acidity (since a basic solute will interact with an acidic phase).

The terms corresponding to the descriptors E, S, A and B represent 

energetically favourable interactions and describe the various elements of the 

solvation process. Lastly, the 1-coefficient is a composite term that describes aspects 

one and three from the solvation param eter model mentioned earlier [see chapter 

7.2] and thus involves both energetically unfavourable and favourable elements 

(Abraham e t a l, 2000). The I coefficient can also be used as a measure of a 

stationary phase’s hydrophobicity.
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7.6. THE DETERMINATION OF THE COEFFICIENTS OF THE ABRAHAM 

GENERAL SOLVATION EQUATION

The coefficients in the Abraham general solvation equation are determined 

by multiple linear regression analysis (MLRA).

7.6.1. Regression analysis

Regression analysis is a statistical technique to investigate a relationship 

(correlation) between variables. Montgomery and Peck (1982) suggest that 

regression models can be used for many purposes including (l) data description, (2) 

param eter estimation, (3) prediction and estimation and (4) control. Purposes 13  

would apply to this study. Montgomery and Peck recommend caution in the 

interpretation of the results of an analysis saying-

“...even though a strong empirical relationship may exist between two variables, this 
cannot be considered evidence that the regressor [independent or x] variables and 
the response [dependent or y] are related in a cause eflect manner...regression 
analysis can aid in confirming a cause-effect relationship, but it cannot be the sole 
basis of such a claim.”

7.6.1.1. Simple regression analysis

Simple linear regression analysis is a model in which there is one 

independent variable, x, and one dependent variable, y. A straight line (equation 

7.13) can describe the relationship between the two variables. In equation 7.13 po is 

the intercept on the x axis and Pi (the slope) are unknown constants and 8 is the 

random error component. Po and Pi are termed regression coefficients. We make the 

assumptions that the errors have a mean equal to zero and an unknown variance of 

and the errors are uncorrelated. That is, the value of one error does not depend 

on the value of any other error.

y —p O -\-P \X -\-6  (equation 7.13)

7.6.1.2. Multiple regression analysis

Multiple linear regression is a model in which there are more than one 

independent variable, x i , X2....Xn, and one dependent variable, y.

y = / ? 0 - f y ^ l X l + > f f 2 X 2 - f / ? n X n + 6 ‘ (equation 7.14)
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The term “linear” is used to imply that equation 7.14 is a linear function of the 

unknown parameters Po, Pi, and P2. Multiple linear regression models are frequently 

useful approximations when the true functional nature of the relationship between y

and Xi, X2,.......  Xn is unknown, since they can offer adequate approximations over

certain ranges of the independent variables (Montgomery and Peck, 1982).

The Abraham general solvation equation is a MLR model with five 

independent variables. The equation is a linear function of the unknown parameters 

e, s, a, b and 1. The model describes a hyperplane in five dimensional space of the 

independent variables E, S, A, B and L. The parameter c is the intercept of the 

independent variable plane. The param eter e describes the expected change in Log 

SP per unit change in E when S, A, B and L are held constant. In the same way s 

measures the expected change in Log SP per unit change in S when the other 

independent variables are held constant and so forth.

The regression coefficients e, s, a, b and 1 are estimated by the method of 

least squares which is used to fit the straight line of best fit to the scattered data 

plot. The least squares estimate of the line of best fit is that which leads to a lowest 

value for the sum of the squares for the deviation of the observations of y from the 

predicted line.

Sokal and Rohlf (1995) suggest MLRA has,two main purposes. The first 

being the establishment of a linear prediction equation th a t enables a superior 

prediction of a dependent variable, y, than would be possible using a single 

independent variable. The second purpose is to estimate and fit a model th a t 

explains the variation in the dependent variable observations in terms of the 

independent variables.

The main problem with MLRA is its sensitivity to collinearities among the 

independent variables. Collinearities occur when there is a high degree of linear 

correlation between two or more of the independent variables. Thus, if MLRA is 

applied to a data set with correlated variables, the calculated regression coefficients 

become unstable and unexplainable. On such occasions, the coefficients may be 

much larger than expected, or may even have the wrong sign. It is therefore vital to 

ensure the variables used in any MLRA (the solute descriptors in the case of the 

Abraham general solvation equation) are well defined and independent.

The spread of explanatory (independent) variables need to be as wide as 

possible for two main reasons. Firstly, a wide spread will produce a correlation
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equation that “ explains” a varied set of data and secondly, a wide spread provides a 

large ‘descriptor space’. Calculation of further dependent variables (y values) should 

only be made within the ‘descriptor space’ of the compounds used to set up the 

correlation equation. Thus it follows tha t the wider the spread of variables, the 

greater the ‘descriptor space’. If this concept is followed, it will result in a greater 

success when applying the equation to the calculation of further dependent variables 

based on new values of independent variables. Generally, the greater the number of 

data points used in the production of a correlation equation, the greater the 

reliability of the correlation.

7.7. THE STATISTICS USED TO QUANTIFY THE MLRA AND THEIR 

IMPLICATIONS

A large number of descriptors have been used in LFER, LSER, and QSAR. 

Thus, this leads to one of the drawbacks of this approach to calculating physical and 

chemical properties -  choosing the right descriptors tha t will lead to the “best” 

regression. By “best”, one should consider both the goodness of fit (expressed 

through the t score, F statistic, standard deviation, etc) and the chemical meaning of 

the regression(s). Famini and Wilson, (2001) impress this point-

“...an excellent correlation regression with difficult to interpret param eters 
provides one with neither characterization capabilities nor the ability to predict 
properties of new compounds a priori. Therefore, it is imperative that param eters be 
chosen tha t have chemical meaning...”

The output of any MLRA includes statistic information that is vital to show 

the accuracy and confidence of the predicted data. The correlation coefficient, r; the 

standard deviation, sd; the student’s t  test, and the Fisher F statistic, F, are used to 

achieve this. These statistical functions are explained in the following sections.

7.7.1. The Pearson correlation coefficient (r)

The r value is a measure of the success of the correlation of the dependent 

variable, y, against the independent variables, x. The numerical value of r will be a 

value in the range bounded by two extremes- 1, which represents a perfect negative 

correlation, and +1, which represents a perfect positive correlation. A perfect 

correlation suggests tha t all the obseiwed data points in a scatter diagram fall 

perfectly on the regression line. The Pearson correlation coefficient is calculated 

using equation 7.15.
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r =
- ,1 / 2

(equation 7.15)

where y} = measured, and = predicted value of the independent variable and y  = the

(Zy/zz)mean

It is more useful to use than r, because indicates how much of the 

information is accounted for by the correlation. Thus if r  ̂= 0.95 then the correlation 

accounts for 95% of the information contained in the data; r  ̂ has values from zero 

through to one. Therefore, a satisfactory MLRA gives an r  ̂of close to 1, indicating 

that the data is explained well by the correlation. An r  ̂ value of 0, or near to 0, 

would indicate a lack of correlation.

Fowler and Cohen (1990) suggest that the strength of a correlation can be 

judged using the rough guide provided by table 7.1.

Table 7.1. A guide to the strength of a correlation. (From Fowler and Cohen 1990).

Value of coefficient r (positive or negative) Meaning

0.00 to 0.19 A very weak correlation
0.20 to 0.39 A weak correlation
0.40 to 0.69 A modest correlation
0.70 to 0.89 A strong correlation
0.90 to 1.00 A very strong correlation

7.7.2. The standard  deviation (sd)

Standard deviation is used as a measure of variability and is the square 

root of the variance. It measures the spread of a distribution around the mean value. 

It can be calculated directly from all the data of a particular variable and will have 

the same units as the particular variable. It generally takes two forms depending on 

whether the data have been drawn from every item in a population or from a 

sampling unit within the population. Since it would be very difficult to obtain a
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value for every member of the population this study is concerned with, the later 

standard deviation will apply. The formula is shown in equation 7.16.

sd  =
n-1

(equation 7.16)

where x is the observation, X is the sample mean and n is the number of observations in the 

sample.
For a satisfactory MLRA, the sd value should be low, indicating tha t there 

is a low spread of data and a solid relationship. A high sd would suggest a high 

spread of data from the mean, which is unfavourable in MLRA.

However, when we are comparing correlation equations based on observed 

and predicted values, sd becomes an expression of the modelling error and is 

dependent upon the number of samples in the data set and the number of descriptors 

(p) in the model. In this case, equation 7.17 applies.
1 / 2

sd  = z(y, - y j
n - \ - p

(equation 7.17)

where ÿ j  = measured, and Yj = predicted value of the independent variable, n is the number 

of observations in the data set and p is the number of descriptors in the model.

7.7.3. The standard  error (SE)

The standard error is a measure of the amount of error in the prediction of y 

for an individual x.

The equation used by Excel to calculate the standard error of a predicted y is shown 

in equation 7.18.

5E = 1
n{n -  2) nSŷ -(Ê N (Equation 7.18)
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7.7.4. The S tudent’s t test

Student’s t test assumes a symmetric distribution of errors and has set 

confidence levels, typically 95 or 99%. T-distribution differs from the normal 

distribution in as much as it assumes different shapes depending on the number of 

degrees of freedom (n l). As the degrees of freedom increase, the t distribution gets 

closer to the shape of the normal distribution (Sokal and Rohlf, 1995).

In MLRA the t*test is performed on each independent variable as a 

significance test and to assess the relative merits of the correlation coefficients. The 

t'te s t can also be an indicator of the likelihood of the correlation arising purely by 

chance. Normally it is deemed that a correlation is good enough if, on average, it 

could have only have arisen by chance one time in twenty or better (5% significance 

level). Consequently, a rule of thumb is to drop any variable not significant at the 

5% level, or better, from the correlation equation.

7.7.5. The Fisher statistic  (F)

Finally, the Fisher F statistic indicates whether the observed relationship 

between the dependent and independent variable occurs by chance. Equation 7.19 

gives the formula used to calculate the F- statistic.

r^(/7 —F —l)
r  = —r ----- ^ -----  (equation 7.19)

( l - r >

where F = F-statistic, r  ̂= the correlation coefficient, n = the number of data points and v = 
degrees of freedom (v = p i, where p is the total number of variables).

The F statistic also gives an indication of the quality of the regression, the 

higher the value of F, the more significant it will be for the given degrees of freedom 

and the better is the regression. The F value increases as the number of data points 

and the regression correlation coefficient increase. By definition, the F statistic is 

the ratio of the variation in y explained by the model to the unexplained residual 

variation in y.
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7.8. THE APPLICATIONS OF THE ABRAHAM GENERAL SOLVATION 

EQUATION

The flexible nature of the Abraham solvation equation can be demonstrated 

by the variety of applications it has found. For gas solvent transfer processes, the 

equation contains Log L̂® and has been applied to nasal pungency thresholds 

(Abraham et al, 1998; 2002), gas-plant tissue partition (Platts and Abraham, 2000) 

and column characterisation (Abraham, Poole and Poole, 1999). The general 

solvation equation can be modified for water-solvent processes. This involves 

replacing L by V, the McGowan characteristic volume. Examples of this type of 

application include the prediction of solid and liquid solubility in water (Abraham 

and Le, 1999), blood brain perfusion calculations (Abraham, Chadha and Mitchell, 

1994; Abraham e t al., 1999), and water skin permeation (Abraham e t aL, 1999).

7.9. TESTING THE PREDICTIVE CAPACITY OF A CORRELATION

The predictive capacity of a correlation equation could be tested by one of 

the following methods-

Method one. The total data set were divided into a training set and a test set by 

placing the total set in order of the dependent variable and then assigning every 

fourth value into the test set. The remaining values formed the training set that was 

used to develop a correlation equation th a t in turn is used to predict the values of the 

test set. As the test set was not used to set up the correlation equation, a comparison 

of the predicted and observed values for the test set is a valuable guide to the 

predictive power of the training equation.

Then, the total data set was listed in order of a independent variable, e.g. E, 

and every fourth value was assigned to a new test set, leaving the majority of the 

values as a new training set. The same process was repeated for the other 

independent variables to give training/test sets.

The standard deviation is given by equation 7.20.

■\l{^[{obs) — {predŸ]/{n -  1)} (equation 7.20)

The average deviation is equation 7.21.

AD = — (pred) /n] (equation 7.21)
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and the average absolute deviation is equation 7.22.

AAD = 2  I  {obs) -  {pred) |/ n (equation 7.22)

Method two. The total data set was divided into a training set and a test set by 

placing the total set in order of the dependent variable and then assigning every 

third value into the test set. To thoroughly check the total data set this was 

repeated three times. In the first division compounds 1,4,7,10,13, etc. were removed 

to create the test sets; the second time compounds 2,5,8,11,14, etc. made the test sets 

and the third time compounds 3,6,9,12,15, etc. were used. The remaining values 

formed the training set that was used to develop a correlation equation that in turn 

is used to predict the values of the test set.

Then, as described above, the total data set was listed in order of each 

independent variable and every third value was assigned to a new test set, leaving 

the majority of values as a new training set. This division was also repeated three 

times with the same staggered intervals as described above.

In addition, the alternative method of plotting experimentally observed 

against predicted values was used to assess the correlation equation. Residuals were 

also examined by plotting the experimentally obtained rate constant values against 

the residuals of the predicted values. In such figures, a random pattern of the data 

points indicates that there is not substantial systematic error in the data.
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A I M S  O F  T H E  P R E S E N T  S T U D Y

8.1. RESEARCH HYPOTHESIS

Many insects have a very limited host range and can discriminate their 

host plant even in the midst of a complex background of non-host plants. Visser 

(1986) suggests tha t there are two possible hypotheses relating to host location and 

the composition of the plant odour blend-

1. Host location relies on the detection of specific compounds relating to the host 

plant and these compounds are not found in unrelated plant species.

2. Host location involves the detection of ubiquitous compounds and it is the ratios 

of key components tha t are required for specificity.

Visser s first hypothesis is supported by chemotaxonomic evidence. Some 

plant volatiles are characteristic of a particular plant family or groups of families, 

e.g. the isothiocyanates (NCS) tha t are characteristic of members of the 

Brassicaceae and some other families (Fenwick, Heaney and Mullin, 1983). These 

subsets of the total volatile profile are increasingly being implicated in host plant 

orientation (Hopkins and Young, 1990; Roseland e t al., 1992). Indeed, some 

insects are attracted to individual components of the plant odour (Blight e t al., 

1995a; Sm art and Blight, 1997).

So far, electrophysiological studies have provided some evidence to 

support the first hypothesis. The cabbage seed weevil, Ceutorhynchus assim ilis 

(Payk.) is attracted to oilseed rape volatiles (Evans and Allen-Williams, 1989, 

Bartlet e t al., 1993). The weevils are specifically attracted to the NCS components 

th a t are the volatile catabolites of the glucosinolates. Antennal perception of NCS 

compounds has been studied using electroantennogram (EAG) (Evans and Allen- 

Williams, 1992) and single cell recording (SCR) techniques (Blight e t al., 1989, 

1992). Blight e t al., 1989 reported tha t a high proportion of olfactory cells tested
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responded to isothiocyanates. Thus, the group implied that NCS were of particular 

significance in host plant location.

Nonetheless, most insects only have olfactory receptors for ubiquitous 

plant compounds such as the green leaf volatiles, which would favour Visser s 

second hypothesis. Some of these insects also possess specialised olfactory cells. 

Occasionally, these specialised cells specialise in the detection of ubiquitous 

chemicals, as is the case for many aphids tha t possess cells tuned to the detection 

of (Æ) 2 hexenal (Field, Pickett and Wadhams, 2000).

A number of insects possess sensory nerve cells located morphologically 

together in pairs, which suggests tha t specific ratios of these compounds are 

important (Blight e t a i, 1995b). The phenomenon of cell pairing has provided 

putative evidence for the second Visser hypothesis in other members of the 

Coleoptera (Blight e t aL, 1995b; Pickett, Smiley, and Woodcock, 1999; Al Abassi e t 

al., 2000). For example, cabbage seed weevils {Ceutorhynchus assim ili^ possess a 

cell th a t responds to 2 phenylethanol that is paired to a cell responding to 1,8 

cineole (Blight e t a i, 1995b). Other insect’s show sensory cells grouped in threes, 

as is the case for the pea and bean weevil, Sitona lineatus (Christine Woodcock, 

personal communication).

The example of the cabbage seed weevil is more complex than for most 

insects. These weevils possess paired cells th a t have the ability to detect 

ubiquitous plant chemicals yet the weevil can also distinguish different types of 

key isothiocyanates. Hence, the cabbage seed weevil has the ability to make both 

quantitative and qualitative assessment of potential host plants.

The second hypothesis is also favoured by considerable evidence from 

behavioural studies th a t have shown the ratios to be important in other insect 

behaviours such as response to aphid sex pheromone (Pickett e t a l, 1992). 

Agelopoulos, Chamberlain and Pickett (2000) allude to the significance of ratios in 

the discussion of their work on the variability and stability of potato volatile 

emissions. Furthermore, Hick, Luszniak, and Pickett, (1999) suggest tha t co

located cells might allow an insect to determine specific relative proportions and 

thus select between host and non-host plants.

One of the aims of this study is to test the second Visser hypothesis using 

natural populations of a model, though economically important insect, namely the 

pea and bean weevil Sitona lineatus (L.). S. lineatus is an appropriate model
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insect as its aggregation pheromone has been identified and characterised (Blight 

e t al., 1984, Blight and Wadhams, 1987, Blight e t a l, 1991) and is known to be 

synergised by plant volatiles (Blight e t a l, 1984). Pickett and Woodcock (1993) 

suggest tha t Sitona lineatus require kairomones from the host plant for 

behavioural response to their aggregation pheromone, 4 methyl-3,5 heptanedione. 

The aggregation pheromone is available and preferable over working with plant 

volatiles alone, since plant volatiles are too weak a stimulus for effective field 

trapping.

The first section of work concentrates on the development of a controlled 

release system for the release of semiochemicals. Initially, the polymeric matrix of 

polyvinyl chloride (pvc) was investigated (chapter 10). However, this approach was 

not as successful as hoped. So, the Abraham general solvation equation and the 

release of compounds from glass vials were combined in a novel approach to 

develop a stable controlled release system. The elements of the development of a 

stable release medium for the release of semiochemicals to trap the pea and bean 

weevil, S. lineatus, are described in detail in chapters 10, 11, and 13.

Once obtained, the stable release system was utilised in section two. It 

formed the basis of treatm ents used to investigate the role of component ratio 

integrity in host plant selection by insects, using S. lineatus as a model. This aim 

will be achieved through quantification of the attraction of the insect to traps 

containing known bean volatiles in various ratios. In particular, the research 

hypothesis to he tested is that ratios are crucial to the selection of host plant and 

th a t the paired cell phenomenon might be able to offer an indication of which are 

the key ratios. The specific field trials are described in detail in chapters 15 and 

16. Air entrainment experiments to ascertain/ confirm the ratios of volatile 

components emitted by broad bean are described in chapter 14.

The attraction of S. lineatus to host volatiles alone is very weak. 

However, the attraction to the same volatiles in the presence of the aggregation 

pheromone is drastically increased. It is this relationship between the attraction to 

the aggregation pheromone and the presence of host volatiles that is exploited in 

the Sitona trapping system. The system is beneficial since it allows us to look at 

behaviour under a totally natural set of conditions in a field environment. With 

the ability to release stable ratios over extended periods of time, the glass vial 

controlled release system further develops the Sitona trapping system.
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It is hoped that with a integrated approach of physical chemistry that 

uses the Abraham Solvation Equation to quantify loss from the vials, a correlation 

equation can be derived (chapter 13) that will obviate the need for lengthy release 

rate studies. If successful, we could predict from the Abraham descriptors the 

release rate of further compounds.

8.2. Principle objectives

• To develop a stable controlled release system for the release of 

semiochemicals.

• To measure the release rate of a number of compounds from glass vials.

• To develop a correlation equation to predict, from the Ahraham Solvation 

Equation descriptors, release rate.

• To investigate host plant selection in S. lineatus, with respect to the 

importance of the ratio of host plant odours.

8.3. Principal steps involved

Section one' development of a stable, controlled release svstem for semiochemicals 

The main steps required to achieve this goal were as follows*

• To choose a set of compounds to represent the greatest possible spread in 

each of the Abraham descriptors as possible.

• To measure the loss of a number of compounds from a glass vial system.

• To perform Multiple Linear Regression Analysis (MLRA) on the release rate 

data to develop a correlation equation between release rate and the 

Abraham descriptors.

• To test the predictive capability of the correlation equation by means of 

training/test sets.

Section 2> investigation into host niant selection in S. lineatus specific respect 

to the importance of the component ratio of odours emitted bv potential hosts 

The main steps required to achieve this goal were as follows-

• To use the information gained in part one to develop a stable release system 

for semiochemicals of S. lineatus (L.) for use in a field situation.

• Test the hypothesis that the ratio of components is important in host plant 

selection by the model insect, S. lineatus.
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C H A R A C T E R I S A T I O N  O F  A G A S  
C H R O M A T O G R A P H Y  C O L U M N  U S I N G  T H E  

A B R A H A M  G E N E R A L  S O L V A T I O N  E Q U A T I O N

9.1. INTRODUCTION

One of the typical uses of the Abraham general solvation equation is the 

characterisation of a gas chromatography column. The process is described in detail 

in the Abraham, Poole and Poole (1999) paper.

9.2. MATERIALS AND METHODS

9.2.1. GC program details

Samples were analysed on a Hewlett Packard 5890 GC fitted with a 50m x 

0.32mm ID, 0.52pm film thickness HP 1 (100% dimethyl polysiloxanei Hewlett 

Packard) column. A split/splitless injection system was utilised. The GC program 

used had an initial temperature of 40°C for 1 minute and then rose at 5°C/min to 

150°C, where it remained for 0.1 minute. It then rose at 10°C / min to 250°C. The 

carrier gas was hydrogen. Total run time was 42.1 minutes. This system was 

attached to a flame ionisation detector (FID).

9.2.2. Compounds investigated

All of the compounds investigated were of moderately high purity (95%+). 

No one supplier was used. However, the majority of the compounds were from 

Sigma, Aldrich and Fluka and were quoted as being of 98%+ purity by GC. Samples 

were chromatographed at lOOng/pl in redistilled hexane, with a Ipl injection.

9.2.3. Multiple linear regression analysis (MLRA)

Coefficients in the Abraham general solvation equation were determined by 

MLRA using a UCL in house developed program th a t utilises SmartWare (Informix, 

Kansas). Two regressions were performed, the first to determine the relationship 

between the retention indices and the solvation equation param eters (equation 9.1).
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However, due to software limitations, the retention indices had to be divided by 100 

in order to perform the analysis. The second was to determine the Abraham general 

solvation equation coefTicients for the characterisation of the HP-1 column (equation

9.3. RESULTS AND DISCUSSION

9.3.1. Calculation of the slope of the n alkane plot, the h value

The slope of figure 9.1 is known as the h value and was calculated as 0.2348 

(4dp). This value was used to transform retention indices of samples into Wg Vg 

using equation (6.3).

cSg-os
39ccb£o

2

1.8
1.6
1.4
1.2

1

0.8
0.6
0.4
0.2

0

10 12 168 14

=0.9999

No. of carbon atums

Figure 9.1. A graph of the Log of the adjusted retention time against the number of 

carbon atoms for the n alkanes on the HP 1 column.

9.3.2. Regression of the retention index data

Table 9.1 (appendix 9) shows the compounds used in this study. From the 

compounds listed, only 57 were used in the regression as 11 had missing 

information. 2 Methoxy 4 allylphenol was an outlier in both regressions. The 

MLR A of the retention index data led to the correlation equation 9.1.
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Ip /lOO = 0.4293 + 0.2532 E + 0.8655 S + 1.071 A + 2.0249 L (equation 9.1)
(0.098) (0.063) (0.078) (0.148) (0.017)

n =57, r2= 0.9984, sd =0.1577, F = 4063.3

Where Ip = the solutes temperature programmed retention index

In the presented correlation equations (equations 9.1 & 9.2), n equals the 

number of data points (compounds) used in the regression, r is the correlation 

coefficient, sd is the standard deviation and F is the Fisher F statistic.

Equation 9.1 does not characterize the column but aids in the prediction of 

descriptors (Abraham, Poole and Poole, 1999). B was not included in equation 9.1, as 

a regression with all the descriptors showed th a t the HP 1 phase was not acidic. 

Since it had a low coefficient, it was dismissed as not being important and was 

removed from the regression. The regression was good in the sense that the 

correlation coefficient is high and the sd is only 0.1577 in a total data range of 10. 

The regression was also deemed acceptable since the log was close to 2.00, the 

value of the slope in a plot of retention index against log L̂ ®.

Equation 9.1 could be used to predict the elution of additional solutes on the 

HP 1 column by calculation of their temperature programmed retention index, 

providing tha t the Abraham solvation descriptors were known for that solute.

9.3.3. Characterisation of the HP 1 column

The MLRA to characterise the column led to the correlation equation 9.2. 

The raw data used to perform the regression are shown in appendix 9 (table 9.2).

Log Vg = -2.1617 + 0.16338 + 0.3085A + 0.4641L (equation 9.2)
(0.021) (0.015) (0.038) (0.003)

n = 66, r2= 0.9977, SE = 0.044, F = 8897.543 
where Vg = the specific retention volume and values in brackets are standard error (SE).

The B descriptor was not included in the regression to characterize the 

column, seeing that its coefficient was small, suggesting th a t the HP -1 phase was not

very acidic. The interaction of the phase with solutes through K- and n- electron 

pairs also had a small coefficient; hence the E descriptor was also not included in the 

regression. Equation 9.2 suggests that the most important descriptor controlling 

elution on the HP l phase is Log L̂ ®. The values of S and A suggest that the

126



Chapter 9. Characterisation of a gas chromatography column

interaction of the phase with polar/ polarisable solutes and the slightly basic nature 

of the column are both important in controlling elution.

Table 9.3 suggests tha t the column coefficients most resemble the 

stationary phases SE 30, or OV 7. These similarities are not surprising since all 

three columns are based on poly (dimethyl siloxane). Some of the variation between 

the values of the column coefficients for the HP 1 compared to the SE 30 (or OV 7) 

column may be explained by the difference in temperature. The coefficients in table 

9.3 were determined for columns operating at 120 122°C whereas temperature- 

programmed GC, with a range from 40-250'’C, was used in this investigation on the 

HP l column.

Table 9.3. A table showing the system constants for a few non ionic stationary 

phases (determined at 120 122°C). Data from Abraham and Le, 1999.

System constant

Stationary phase Abbrev. e s a b 1

Squalane SQ 0.129 0.011 0 0 0.583

Poly(dimethylsiloxane) SE-30 0.024 0.190 0.125 0 0.498

Poly(methylphenylsLloxane) OV-17 0.071 0.653 0.263 0 0.518

Poly(dimethylmethylphenylsiloxane)^ OV-7 0.056 0.433 0.165 0 0.510

Poly(dicyanoallylsüoxane) OV-275 0.206 2.080 1.986 0 0.294

Poly(trifluoropropylmethylsiloxane) QF-1 -0.449 1.157 0.187 0 0.419

Poly(methylsüoxane) substituted* PSF6 -0.360 0.820 0 1.110 0.540

di-n-decylphthalate DDP 0 0.748 0.765 0 0.560

Poly(ethylene glycol) CW20M 0.317 1.256 1.883 0 0.447

Poly (diethylene glycol succinate) DEGS 0.197 1.668 2.246 0 0.411

l,2,3-tris(2-cyanoethoxypropane) TCEP 0.278 1.913 1.678 0 0.290

Bis(3-allyl - 4-hy drojgqjhenyl) sulfone HIO -0.051 1.323 1.266 1.457 0.418

Di(2 -ethylhexyl) phosphoric acid DEHPA 0.021 0.565 1.528 0 0.556

*Poly(methylsiloxane) containing 2-(4-butanephenyl)-1,1, l,3,3,3-hexafluoropropan-2-ol 
substituent groups. 70% dimethyl siloxane, 26% methylsüoxane with the alcohol 
containing substituent attached, and 4% methyloctylsüoxane.

10 mol% phenyl groups

Examples of pairs of solutes are shown in table 9.4. For the pair of solutes 

nonanal and nonan l ol, the principal factor controlling their elution order is solute 

effective hydrogen-bonding acidity (A). Nonanal elutes before nonan l ol on the HP-
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1 column, by about 100 Kovats indices. For the second pair of acetophenone and 

iodobenzene, the main difference is in their values for dipolarity/ polarisability. 

Upon observation of a full set of descriptors, it can be seen that solute effective 

hydrogen bonding basicity is also an important factor in controlling the pair’s elution 

order. Consequently, acetophenone elutes after iodobenzene on the HP 1 column. 

Octan 1 ol and pentadecan l ol show the effect of a homologous series with the only 

descriptor having a significant effect on their relative retention being Log hence

not surprisingly, pentadecan 1 ol is retained much longer than octan l oi.

Table 9.4. Factors that lead to differences in Log Vg for solutes on HP 1 using 

tem perature programmed GC. (The constant term is -2.247 in all cases)

Contribution to Log Vg Log Vg

Solute eE sS a A IL Calculated Observed

nonanal 0.009 0.132 0 2.297 0.379 0.427

nonan 1 ol 0.011 0.085 0.093 2.439 0.188 0.197

acetophenone 0.048 0.205 0 2.142 0.149 0.092

iodobenzene 0.070 0.166 0 2.143 0.133 0.040

octan-I'ol 0.011 0.085 0.093 2.199 0.142 0.122

pentadecan I'ol 0.009 0.085 0.093 3.886 1.834 1.800

9.4. CONCLUSIONS

Data rationalisation analysis can be performed for any stationary phase 

where the system constants have been determined. Predictions can be made for any 

additional solute on tha t phase as long as the Abraham solvation descriptors for the 

solute are known.

9.5. FUTURE WORK

The major drawback of this method is tha t there is a shortage of descriptors 

available for biologically active isoprenoids and other semiochemicals. It would 

therefore be of a great advantage to the field of Chemical Ecology if a database were 

created containing referenced sources of these descriptors or, if money and time 

allowed, if a project were funded to measure the descriptor values.
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9.5.1. Experim ental determ ination of the descriptors

The R descriptor can be obtained from the experimental refractive index of 

the pure compound at 293K if it is a liquid. If this value is not obtainable, the 

refractive index may be estimated. Alternatively, R can be estimated from a 

summation of known values for fragments. The McGowan volume, Vx, can be 

calculated from known atomic and bond fragments as described in Abraham and 

McGowan, 1987.

The Log descriptor can be determined for volatile solutes by GC on a 

hexadecane stationary phase at 298K (Abraham, Grellier and McGill, 1987). A 

further simplification can be used (Absolv manual, 2000). The values of n- 

alkanes are used as standards, and then a mixture of the test solute and an alkane is 

analysed. When the retention times corrected for dead space are used, tR, then the 

following equation (9.3) can be rearranged to get the test solute value,

t j t e s t  solute) ü y e s t  solute) (equation 9.3)
(standard) U (standard)

The descriptors S, A, and B (and L if required) are best determined together 

as described in Abraham et al, 1998. This method involves the determination of the 

dependent variables of the test solute in a number of systems that have already been 

characterised using solvation equations. Commonly, these systems include GC, 

reverse phase high performance liquid chromatography (RP-HPLC), gas solvent 

partitions and water solvent partitions. As the coefficients will already be known, 

the remaining unknowns will be the descriptors. It is prudent, to include more 

equations than  the minimum required for the calculation.

9.5.2. Estim ation of the descriptors

It is possible to estimate descriptors. One approach frequently used by 

Abraham and co-workers is the group approach (Platts et al., 1999; Platts and

Abraham, 2000). This method evolved from the earlier work of Havelec, Sevcik and

co'workers who published an additive scheme for the estimation of L and a neural 

network based approach for the estimation of S (Havelec and Sevcik , 1994; 1996).

The group contribution or process-fragment method is conceptually very 

simple. Once fragment contributions for a given process have been calculated, they
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can be used to predict further values immediately. Nevertheless, the process- 

fragment method has two limitations associated with it. Firstly, the number of 

fragments needed to describe any physiochemical or biochemical process is very 

large and if these fragments are to form the independent variables in a MLRA, there 

m ust be a very large set of data used as the dependent variable. Secondly, 

predictions by the process-fragment method can be made only for solutes for which 

all the required fragments are available (Absolv manual, 2000).

In order to overcome these limitations, Abraham and co-workers developed 

a descriptor-fragment method that could be used for the rapid prediction of 

numerous physiochemical and biochemical properties just from structure 

(represented as SMILES strings). The descriptor-fragment method is incorporated 

into computer software called Absolv (Sirius Analytical Instruments, East Sussex) 

and is used routinely in many solute property prediction scenarios.
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A p p e n d i x  9

Table 9.1 A list of the compounds available for use in the retention index regression. Note 
that not all compounds were used since some have descriptors missing.
(yobs = experimental retention index (Kovats index or Ki) divided by 10, y cal = calculated 
Ki/10)

Compound Name E S A B L Yobs Ycalc sd

Octane 0 0 0 0 3.677 80 78.7 ■0.8

Ethylcyclohexane 0.263 0.1 0 0 3.877 82.6 84.3 1.1

trans hex 2 en 1 al 0.382 0.8 0 0.50 3.4 84.9 81.0 -2.5

trans hex 2 en 1 ol 0.294 0.44 0.38 0.48 3.605 85.5 85.9 0.3

heptanal 0.14 0.65 0 0.45 3.865 88.1 88.5 0.3

hexan 1 ol 0.21 0.42 0.37 0.48 3.61 88.2 85.5 •1.7

non 1 ene 0.09 0.08 0 0.07 4.073 88.6 87.7 •0.6

nonane 0 0 0 0 4.182 90 89.0 •0.6

alpha Pinene 0.446 0.14 0 0.12 4.308 93.6 93.9 0.2

Camphene 0.424 0.22 0 0.15 4.326 94.3 94.9 0.4

benzaldehyde 0.82 1 0 0.39 4.008 95.1 96.2 0.7

octan 3 one 0.117 0.66 0 0.51 4.264 96.3 96.6 0.2
6-methylhept 5 en 2 one 0.282 0.73 0 0.58 4.169 96.3 95.7 •0.4

beta pinene 0.53 0.24 0 0.19 4.394 97.7 96.7 •0.6

octanal 0.16 0.65 0 0.45 4.361 97.8 98.6 0.5

sabinene 0.457 0.22 0 N/A 4.434 98 97.1 •0.5

myrcene 0.483 0.29 0 0.21 4.509 98.2 99.3 0.7

decane 0 0 0 0 4.686 100 99.2 •0.5

benzyl alcohol 0.803 0.87 0.39 0.56 4.221 101.4 103.5 1.3

phenylacetaldehyde 0.755 0.7 0 0.64* 4.344 101.6 100.2 •0.9

1,8 cineole 0.383 0.33 0 0.76 4.688 102.6 103.0 0.3

limonene 0.488 0.28 0 0.21 4.725 102.7 103.6 0.6

acetophenone 0.818 1.01 0 0.48 4.501 103.9 106.2 1.5

2-phenylpropan 2 ol 0.848 0.85 0.32 0.65 4.52 106.1 108.8 1.7

2 methoxyphenol 0.837 0.91 0.22 0.52 4.449 106.8 106.7 0

nonan 2 one 0.119 0.68 0 0.51 4.735 107.2 106.4 •0.5

linalool 0.398 0.55 0.2 0.67 4.794 108.3 109.3 0.6

nonanal 0.15 0.65 0 0.45 4.826 108.4 108.0 •0.2

2 nonanol 0.168 0.36 0.33 0.56 4.817 108.5 108.9 0.3

phenylacetonitrile 0.751 1.15 0 0.45 4.57 109.1 108.7 •0.3

undecane 0 0 0 0 5.191 110 109.4 •0.4

2 phenylethanol 0.811 0.91 0.3 0.65 4.628 110.3 111.1 0.5

camphor 0.5 0.69 0 0.71 5.084 113.3 114.5 0.7

naphthalene 1.34 0.92 0 0.20 5.161 117.1 120.2 1.9

nonan l oi 0.193 0.42 0.37 0.48 5.124 118.2 116.1 •1.3

octanoic acid 0.15 0.6 0.6 0.45 5 118.3 117.5 •0.5

decanal 0.128 0.65 0 0.45 5.301 118.4 117.6 •0.5

dodec 1 ene 0.089 0.08 0 0.07 5.515 118.8 116.9 •1.2

dodecane 0 0 0 0 5.696 120 119.6 •0.2

4 -methoxybenzaldehyde 0.92 1.35 0 0.47 5.304 122.9 125.7 1.8

undecan 2 one 0.101 0.68 0 0.51 5.732 127.5 126.5 •0.6

tridecane 0 0 0 0 6.2 130 129.8 •0.1
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geranyl acetate 0.368 0.72 0 0.65 6.167 136.1 136.3 0.1
alpha-copaene 0.63 0.13 0 N/A 6.5 137.8 138.6 0.5
decyl acetate 0.033 0.6 0 0.45 6.373 139.1 138.6 -0.3

tetradecane 0 0 0 0 6.705 140 140.1 0
(-)alpha-cedrene 0.759 0.23 0 0.12 6.688 141.8 143.6 1.2

longifolene 0.765 0.2 0 0.15 6.575 142.6 141.1 -1

trans beta -caryophyllene 0.724 0.15 0 0.25 6.874 143.5 146.6 2

pentadecane 0 0 0 0 7.209 150 150.3 0.2

dodecyl acetate 0.012 0.6 0 0.45 7.381 159 159.0 0

hexadecane 0 0 0 0 7.714 160 160.5 0.3

heptadecane 0 0 0 0 8.218 170 170.7 0.4

pentadecan l oi 0.157 0.42 0.37 0.48 8.164 178.1 177.6 -0.3

phenanthrene 2.055 1.29 0 0.29 7.632 177.9 175.2 -1.7

anthracene 2.29 1.34 0 0.28 7.568 179 174.9 -2.6

n octadecane 0 0 0 0 8.722 180 180.9 0.6

Deleted:
2 -methoxy-4 -allylphenol 0.946 0.99 0.22 0.51 5.992 133.5 138.9 3.5
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Table 9.2. A list of the compounds available for use in the Log Vg regression. Note that not 
all compounds were used since some have descriptors missing.

Compound name E S A B L Yobs Y calc sd
octane 0 0 0 0 3.677 -0.47 -0.499 -0.8

ethylcyclohexane 0.263 0.1 0 0 3.877 -0.409 -0.368 1.1
trans Hex 2 en l al 0.382 0.8 0 0.50 3.4 -0.355 -0.446 -2.4
trans Hex 2 en 1 ol 0.294 0.44 0.38 0.48 3.605 -0.34 -0.331 0.3

heptanal 0.14 0.65 0 0.45 3.865 -0.279 -0.269 0.3
hexan l oi 0.21 0.42 0.37 0.48 3.61 -0.277 -0.34 -1.7
non 1 ene 0.09 0.08 0 0.07 4.073 -0.268 -0.289 -0.6

nonane 0 0 0 0 4.182 -0.235 -0.259 -0.6
alpha Pinene 0.446 0.14 0 0.12 4.308 -0.15 -0.144 0.2

camphene 0.424 0.22 0 0.15 4.326 -0.134 -0.121 0.4
benzaldehyde 0.82 1 0 0.39 4.008 -0.115 -0.09 0.7
Octan 3 one 0.117 0.66 0 0.51 4.264 -0.087 -0.079 0.2

6 methylhept 5 en 2 one 0.282 0.73 0 0.58 4.169 -0.087 -0.1 -0.4
beta-Pinene 0.53 0.24 0 0.19 4.394 -0.054 -0.078 -0.6

octanal 0.16 0.65 0 0.45 4.361 -0.052 -0.032 0.5
sabinene 0.457 0.22 0 N/A 4.434 -0.047 -0.067 -0.5
myrcene 0.483 0.29 0 0.21 4.509 -0.042 -0.016 0.7

decane 0 0 0 0 4.686 0 -0.019 -0.5
benzyl alcohol 0.803 0.87 0.39 0.56 4.221 0.033 0.082 1.3

phenylacetaldehyde 0.755 0.7 0 0.64 4.344 0.038 0.005 -0.9
1,8-cineole 0.383 0.33 0 0.76 4.688 0.061 0.071 0.3

limonene 0.488 0.28 0 0.21 4.725 0.063 0.085 0.6
acetophenone 0.818 1.01 0 0.48 4.501 0.092 0.146 1.5

2 phenylpropan 2 ol 0.848 0.85 0.32 0.65 4.52 0.143 0.205 1.7

2 methoxyphenol 0.837 0.91 0.22 0.52 4.^49 0.16 0.158 -0.1

Nonan 2 one 0.119 0.68 0 0.51 4.735 0.169 0.149 -0.5

linalool 0.398 0.55 0.2 0.67 4.794 0.195 0.218 0.6
nonanal 0.15 0.65 0 0.45 4.826 0.197 0.188 -0.2

2 nonanol 0.168 0.36 0.33 0.56 4.817 0.2 0.209 0.3

phenylacetonitrile 0.751 1.15 0 0.45 4.57 0.214 0.204 -0.3

undecane 0 0 0 0 5.191 0.235 0.221 -0.4

2 -phenylethanol 0.811 0.91 0.3 0.65 4.628 0.242 0.262 0.5

camphor 0.5 0.69 0 0.71 5.084 0.312 0.34 0.7

naphthalene 1.34 0.92 0 0.20 5.161 0.394 0.473 2.1

nonan-lo i 0.193 0.42 0.37 0.48 5.124 0.427 0.379 -1.3

octanoic acid 0.15 0.6 0.6 0.45 5 0.43 0.412 -0.5

decanal 0.128 0.65 0 0.45 5.301 0.432 0.413 -0.5

Dodec-1-ene 0.089 0.08 0 0.07 5.515 0.441 0.396 -1.2

dodecane 0 0 0 0 5.696 0.47 0.461 -0.2

4-methoxybenzaldehyde 0.92 1.35 0 0.47 5.304 0.538 0.603 1.8

undecan-2-one 0.101 0.68 0 0.51 5.732 0.646 0.622 -0.6

tridecane 0 0 0 0 6.2 0.704 0.701 -0.1

Geranyl acetate 0.368 0.72 0 0.65 6.167 0.848 0.853 0.1

alphacopaene 0.63 0.13 0 N/A 6.5 0.888 0.907 0.5

Decyl acetate 0.033 0.6 0 0.45 6.373 0.918 0.907 -0.3

tetradecane 0 0 0 0 6.705 0.939 0.941 0
(-)alphacedrene 0.759 0.23 0 0.12 6.688 0.982 1.024 1.1

longifolene 0.765 0.2 0 0.15 6.575 1 0.965 -1
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trans beta caryophyllene 0.724 0.15 0 0.25 6.874 1.021 1.094 2
pentadecane 0 0 0 0 7.209 1.174 1.18 0.2

dodecyl acetate 0.012 0.6 0 0.45 7.381 1.385 1.385 0
hexadecane 0 0 0 0 7.714 1.409 1.421 0.3
heptadecane 0 0 0 0 8.218 1.644 1.66 0.4

pentadecan l oi 0.157 0.42 0.37 0.48 8.164 1.834 1.822 -0.3
phenanthrene 2.055 1.29 0 0.29 7.632 1.829 1.765 -1.7

anthracene 2.29 1.34 0 0.28 7.568 1.855 1.758 -2.6
n octadecane 0 0 0 0 8.722 1.878 1.9 0.6

2 -Methoxy ■ 4 -allylphenol 0.946 0.99 0.22 0.51 5.992 0.787 0.914 3.4
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C h a p t e r  1 0

T H E  U S E  O F  A P O L Y M E R I C  M A T R I X  A S  A 
C O N T R O L L E D  R E L E A S E  S Y S T E M  F O R  

S E M I O C H E M I C A L S

10.1. INTRODUCTION

The sex pheromones employed by many aphid species comprise specific 

isomers of the isoprenoids nepetalactone and nepetalactol. The ratio of these 

components varies greatly from species to species. Some aphids employ a single 

component, such as the damson hop aphid, Phorodon humuli, which uses 

{4aR, 7S, nepetalactol (Campbell e t a l, 1990). Other species use the ubiquitous 

isomers of {lR,4aS,7S,7aÉ)-ne^Qid\diC,to\ (structure III) and {4aS,7S,7aÉ)- 

nepetalactone (structure IV). Oviparae of the green bug aphid, Schizaphis 

graminum, show a bias towards the nepetalactol component and use an 8:1 blend of 

the nepetalactol: the nepetalactone (structure IILIV). In contrast, the black bean 

aphid. Aphis fabae (Scopoli), employs the nepetalactone at a L29 blend of the 

nepetalactol: the nepetalactone (Dawson e t aL, 19881 1990).
OH

V
Structure III (-) {lR,4aS, 7S, 7aÉ) nepetalactol IV (+) {4aS, 7S, 7aR) nepetalactone

{4aS, 7S, 7aR)' and (4aR, 7S, nepetalactones are naturally produced by 

Nepeta species from the plant family Labiatae (=Lamiaceae). The nepetalactones 

can be obtained from the plants by conventional steam distillation. A screen of the 

commercially available species of the family found th a t two species, Nepeta cataria 

and N  racemosa, in particular gave high yields of the desired {4aS, 7S, 7aFt) isomer. 

As a result of a proprietorial breeding programme conducted by Botanix Limited 

(formerly EHP) and Richard Wood Hop Partnership, a plant was created with 

optimised yield of these isomers. These LINK programme plants have yielded a

136



Chapter 10. The use of a polymeric matrix as a controlled release system  for sem iochem icals

volatile oil called Nepeta cataria extract type two or simply Nepeta cataria volatile 

oil, which contains cis, trans nepetalactone (84.3%, 4aS, 7S, 7aFt) and ( ) p- 

caryophyllene (7.75%) as the two major components.

The Botanix plants provide a route to (+) {4aS, 7S, 7alî) nepetalactone under 

commercial production conditions for use in the control of aphids. Possibilities for 

control include the attraction of the various species of pest aphids by using a range of 

ratios of the sex pheromone components (Hardie e t al., 1992; 1994; 1997) and the 

manipulation of beneficial insects such as parasitic wasps (Lilley e t a l, 1994; 

Glinwood, Powell and Tripathi, 1998) and hoverflies (SAPPIO LINK- LK0915).

The study presented here is a preliminary study into the effect of two 

different tem peratures and wind speeds on the stability of release of components 

from a polymeric matrix material. It must be said, however, that the results have 

been disappointing with no clear generality established for either the effect of 

tem perature or wind speed.

10.2. MATERIALS AND METHODS

10.2.1, The polymeric m atrix formulation

Botanix Limited and Richard Wood Hop Partnership grew a commercial 

acreage of Nepeta cataria (“catmint”) plants in Kent, England, as part of a MAFF 

LINK programme. N  cataria crop was harvested using a forage harvester with a 

linked, mobile distillation trailer. The crop was blown from the forager into a 

window at the front of the trailer. Once harvest was complete the window was 

sealed and the trailer taken to the distillation plant. The distillation plant was fitted 

with an injection pump to enable co distillation. Steam was applied, whilst injecting 

cyclohexane, to extract the volatile oil from the plant material and to collect the 

volatile oil in the cyclohexane. The cyclohexane/oil/steam mixture was condensed in 

a vertical condenser, followed by separation into cyclohexane and water layers. The 

cyclohexane/oil was then collected and the cyclohexane removed from the volatile oil 

by vacuum distillation.

Volatile oil from these plants was formulated into a coloured polymer rope 

a t AgriSense BCS Limited, Pontypridd, Wales with an inclusion rate of 5% by 

weight. This was known as nepetalactone formulation 95PB5 Nepeta 2 2/6/99. N  

cataria volatile oil (20g) was reduced to nepetalactol in a methanolic solution of
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sodium borohydride at 0°C (T. Hooper, Personal communication). The reaction 

yielded a solution th a t contained {IR  4aS 7S 7alt) nepetalactol (structure V) and 

{lS,4aS,7S,7aR) nepetalactol (structure VI) in a 9:1 ratio as shown by nuclear 

magnetic resonance (NMR), and 10 % ( )-13 caryophyllene contamination.

OH

1

structure V ilR,4aS, 7S, 7aR) structure VI {lS,4aS, 7S, 7aR) nepetalactol

The nepetalactol solution was formulated into a polymer rope at AgriSense 

BCS Limited with an inclusion rate of 5% solution by weight. This was known as 

nepetalactol formulation PB5 Nol 2/12/99. The exact ingredients and proportions of 

the PVC polymer are proprietary but the mix contained between twenty and forty 

percent of dioctyl phthalate and dibutyl phthalate as the plasticisers.

10.2.2. Air en trainm ent

Each entrainm ent vessel used was constructed from 5 Quickfit Pyrex glass 

components (figure 10. l). The total volume of the entrainm ent vessel was 580 cm^. 

Prior to use, glassware was washed, rinsed in acetone, distilled water and then 

conditioned at 180°C for at least two hours. A molecular sieve (4a beads, 8 12 mesh, 

Aldrich) and charcoal filter (granular charcoal, Fisher) were used to purify and clean 

the air before it entered the entrainment vessel. The filter and sieve were 

conditioned prior to use at 110°C for at least two hours in a stream of nitrogen.

Volatiles from the polymeric matrix formulation were absorbed onto 

Poropak Q (an ethylvinyl benzene -  divinyl benzene copolymer. 50mgi 50 80 mesh, 

Supelco) contained in a glass tube (7cm long; 3mm ID, AT AS, Cambridge) between 

two plugs of silanised glass wool. Prior to use, the Poropak tubes were washed in 

redistilled diethyl ether (ether) and then conditioned a t 130°C for at least 2 hours in 

a stream of nitrogen.

The polymeric matrix formulations were cut into 2,4,4 split, and 8cm 

lengths and attached to one end of a bent paperclip. The 4cm split lure was a 4cm 

lure th a t had been bisected along its length to increase the exposed surface area.
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The other end of the bent paperclip was used to hang the lures in the wind tunnel 

(either 0.2 or 2m/s). Lures were removed from the wind tunnel on a weekly basis 

(although more frequently during the first two weeks), their weights recorded on a 

five place balance (Ohaus), and then the lures were entrained.

The air entrainment equipment was set up in the temperature-controlled 

cabinet (20°C). Entrainments were performed by a pump drawing purified, clean air 

(125ml/min) over the formulated lures and onto the Poropak tube for one hour. The 

emitted volatiles were desorbed into pointed glass vials (l.lm l, Chromacol) by 

elution with redistilled ether (500 j l i 1). Three experimental conditions were used to 

investigate the effect of temperature and wind speed on release rate of components 

from nepetalactone polymer rope -  conditions a, 20°C & 0.2m/si b, 20°C & 2m/s and c, 

15°C & 2m/s. The procedure was repeated for conditions a and b using nepetalactol 

polymer rope to investigate the effect of wind speed.

10.2.3. Gas chromatography

Samples were analysed on a Hewlett Packard 6890 GC fitted with a 30m x 

0.32mm ID, 0.25pm film thickness HP5 (5% substituted phenyl methyl siloxane, 95% 

methyl siloxane: Hewlett Packard) column. A cold on column injection system was 

utilised. The GC program used had an initial temperature of 40°C for 1 minute and 

then rose at 5°C/min to 150°C, where it remained for Ô.1 minute. It then rose at 10°C 

/ min to 250°C. The carrier gas was hydrogen. Total run time was 58.1 minutes. 

This system was attached to a flame ionisation detector (FID). Hexadecane (I5pl of 

Img/ml; BDH) was used as an internal standard. The internal standard was added 

to the 500pl eluate, mixed and Ipl injected onto the GC.

Quantification of the GC peaks was achieved using a response factor 

approach (Baugh, 1993). The values of Ct for the two main lure components 

(obtained from equation 5.17) were made into percentages, assuming that their total 

was 100%. These percentages were multiplied by the lure weight loss since the last 

entrainm ent to give the loss of each component in the period. The cumulative weight 

loss of each component was plotted against time. The amount of each component 

released per day was also plotted.
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10.3. RESULTS AND DISCUSSION

10.3.1. Effect of wind speed

A low wind speed of 0.2m/s was chosen primarily because it reflected the 

average seasonal conditions in the field. An additional benefit was that 0.2m/s is 

similar to the wind speed used for the Glass vial studies, which formed the 

foundation of the aphid sex pheromone release rate studies previously completed in 

the department by Linda Merritt (Gabrys e t a l, 1997). Even so, male Phorodon 

hum uli (Schrank) aphids have been known to make upwind progress in wind 

speeds of up to 0.7m/s (Hardie e t al., 1996). Therefore, a higher wind speed of 2m/s 

was included as the extreme comparison to the 0 .2m/s.

It might be expected that a higher wind speed would give an increased 

release rate. Figure I0.2a shows that the effect of wind speed on the release of 

nepetalactone from 4 and 8cm nepetalactone lures is marginal. Yet, for 2cm lures 

there appears to be a greater difference between the release rates at 0.2 and 2m/s. 

The effect may be size or surface area related and hence, would have the largest 

influence on the smaller, 2cm size lure. It is more difficult to suggest a trend for 

the data of the release of (O'fi’caryophyllene shown in figure 10.2b. Only the 4cm 

lure shows a distinct yet expected trend, with the 2m/s release rate being higher 

than the 0 .2m/s.

On the other hand, the effect of wind speed on the release of nepetalactol 

from nepetalactol lures appears to be most noticeable in the longer, 8cm lures, 

where the lower wind speed of 0 .2m/s gives a higher release rate than 2m/s (figure 

I0.3a). This figure also shows that the 4cm split lure with an increased, exposed 

surface area has a higher release rate than the normal 4cm lure. This could 

suggest th a t some of the lure loading is not usually available for release, perhaps it 

is locked up in the centre of the lure and unable to escape the formulation. Loss of 

(-)-fi caryophyllene is more predictable with the 2m/s release being greater than  the 

0 .2m/s (figure I0 .2b).

The effect of wind speed on the release of pheromone may differ according 

to dispenser type. Mottus e t al. (1997) concluded tha t higher wind speeds caused a 

significant increase in the evaporation constant from their rubber dispensers 

compared to previous experiments (Mottus e t al. 1993). Van der Kraan and 

Ebbers (1990) make a general hypothesis tha t the release of most pheromones from
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polymeric dispensers will be approximately proportional to the square root of the 

air velocity. However, no such definite effects have been observed in this study.

The release of nepetalactone from nepetalactone impregnated polymeric 

matrix dispenser used in this study most resembles the findings of T. Bellas 

presented in Suckling e t al., (1997), in that these dispensers were relatively 

insensitive to wind speed. Yet, for the release of nepetalactol from the same 

polymeric matrix dispenser impregnated with nepetalactol, wind speed appears to 

have an effect (see figure 10.3).
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10.3.2. Effect of tem perature

Temperature influences evaporation rate. The use of a temperature 

controlled cabinet removes the problems caused in the field when evaporation is 

greater in the warmer daylight hours than at night. Van der Kraan and Ebbers, 

(1990) showed that the release rates of tetradecen 1 ol acetates from polyurethane 

were increased 2 2.5 fold on a temperature increase from 15°C to 25°C.

The trend suggested by figure 10.4a is tha t the 4 and 8cm lures at 15°C 

and 20°C have irregular, occasionally overlapping release rates over most of the 

experiment. 20°C leads to a higher release rate of nepetalactone than 15°C for 2cm 

lures. The pattern for release of ( ) fl caryophyllene is less obvious. 8cm lures 

suggest that 15°C have a higher release rate whilst 4cm lures suggest tha t both 

tem peratures have a similar release rate for the first fortnight and then the 20®C 

lures have a higher release rate after 14 days.

The effect of temperature on release rate of pheromone is a source of 

debate amongst various research groups (Van der Kraan and Ebbers, 1990; Brown 

e t a l, 1992; Bradley e t a l, 1995). Bradley e t al., (1995) highlights the differences 

between dispenser types and the effect of temperature on release rate of 

pheromone, suggesting th a t no one model would be appropriate to describe all 

types of dispenser. Brown e t a l, (1992) present a complex model based on the 

Clausius Clapeyron equation to explain the effect of temperature on the release of 

the components from linear tubing dispensers. The group found there was an 

exponential increase of pheromone release with temperature, a result consistent 

with a Clausius Clapeyron type relationship.

The greatest debate has centred on the release of pheromone from Shin* 

Etsu dispensers. McDonough, (1997) and Suckling e t ah, (1997) disagree 

fundamentally on the factors governing the rate of pheromone release from the 

Shin-Etsu dispensers. Similar deductions can not be made regarding this study 

since the temperatures used in this study did not represent a large enough 

temperature range to gain a valid insight into the effect of temperature. The 15°C 

tem perature was the lowest temperature that the temperature controlled cabinet 

could maintain. The 20°C temperature was used as it represents average field 

conditions and is a standardised laboratory temperature.
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It is acknowledged tha t different types of dispensers may be influenced by 

other physical factors, such as degradation of the pheromone caused by exposure to 

UV light, and/or chemical interaction products (Shaver e t al., 1982; Mottus e t a l, 

1997). However, these types of problems are more often encountered with other 

functional groups such as aldehydes or conjugated dienes. Polymeric matrix 

formulations such as PVC polymers are advantageous, since antioxidants and UV 

blockers can be added to minimize these effects. The nepetalactone, the 

nepetalactol and ( ) p  caryophyllene have not shown signs of degradation in these 

experiments.

10.4. CONCLUSIONS

The data presented here would suggest tha t 4cm nepetalactone and 8cm 

nepetalactol polymeric matrix formulations are suitable to withstand wind speeds 

of 2m/s whilst maintaining a release rate of at least 200pg nepetalactone or 

nepetalactol respectively per day for approximately 7 weeks (see figure 10.4). This 

would be long enough to cover the 4 8 week flight period of the aphids. The 

simplicity and durability of the formulation would also make it attractive as a 

commercial product.

Following the results of the AgriSense formulations in the first year and 

the subsequent problems encountered in their interpretation, it was recommended 

at the first year review that a simple, model matrix was used instead. DOP was 

chosen, as it was the plasticiser used in the AgriSense formulation and contributed 

20 40% of the weight of the lures. However, this approach also proved 

unproductive and was not pursued further than a preliminary study that lasted 

three months.

10.4.1. Glass vial release system

After the failure of a second strategy due to the complexity of external 

influences on the system, it was decided that a simpler approach was required. The 

glass vial release system was suggested, as it had proved reliable in prior 

semiochemical research studies. This strategy will be the main one used in chapters 

11 and 13 to answer the question whether there is a correlation between release rate 

and the Abraham solvation descriptors.
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A glass vial strategy will also be used to establish a stable release system 

for chemicals to manipulate the behaviour of the pea and bean weevil, Sitona 

lineatus (L.) as described in chapters 15 and 16. The glass vial system thus forms 

the basis of experiments to test the hypothesis th a t the ratio of components is 

important in host plant location by this insect.
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C h a p t e r  11

T H E  U S E  O F  G L A S S  V I A L S  A S  A C O N T R O L L E D
R E L E A S E  S Y S T E M

11.1. INTRODUCTION

A primary objective of this PhD is to develop a stable, controlled release 

system. In order to achieve this objective, one needs to appreciate the factors 

affecting the release of compounds having differing physical characteristics. 

However, it is beyond the scope of this study to characterise these factors in depth.

The loss of compound (release rate) was measured for sixty nine 

structurally diverse compounds from the chosen controlled release system, glass 

vials (structures shown in figure 11. l). The loss of each compound was quantified 

through a solvent extraction and GC quantification approach. Values were 

transformed into an equation to describe the loss using the Maximum Likelihood 

Programme (MLP) software (Ross, 1987). This process also yielded a rate constant, 

k, for the loss of compound from a glass vial.

11.1.1. Kinetic theory of saturation

The molecules in a liquid are positioned reasonably close together and can 

be influenced by the force fields of neighbouring molecules. By comparison, the 

molecules in gases are further apart and influenced to a far lesser extent by 

interactions with neighbours.

When a vapour is in contact with its liquid in a closed vessel system, the 

molecules of the vapour will be moving randomly. Their average kinetic energy will 

depend on the temperature of the vapour. The molecules will hit the walls of the 

vessel and give rise to a partial pressure th a t is independent of the presence of other 

compounds in the vapour phase. This partial pressure is more commonly termed the 

vapour pressure. If this is applied to a system where a vapour is in contact with its 

liquid form, it is called the saturated vapour pressure (Chambers, 1991). Saturated 

vapour pressure increases as the temperature increases since there are more 

molecules in the vapour phase and the increased average velocities of these
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molecules results in more molecules striking the walls of the container per second! 

hence a rise in pressure is seen.

However, the glass vial system is not a closed system. Once the molecules 

move into the vapour phase they are swept away on air currents and are extremely 

unlikely to return to the system. Hence, the glass vial system should be considered 

an irreversible and open system. As a consequence, single first order reaction 

kinetics may be applied to the system.

11.1.2. Biological significance of relative release of components

Semiochemicals often comprise mixtures. This is especially true for 

pheromones (established in chapter 1.1). There is much importance associated to the 

relative release of the components within the mixture. For example, the Naasonov 

pheromone is a volatile pheromone secreted from the Nasonov gland of a worker 

honeybee (Apis mellifera L.) tha t attracts other workers (Pickett e t al., 1980). The 

Nasonov pheromone comprises the monoterpenes ^ c i t r a l ,  (%)-citral, nerol, geraniol, 

nerolic acid, geranic acid, and the sesquiterpene (E,EHdocneQo\ (Pickett eta!., 1980). 

Williams, Picket and Martin, 1981 found that foragers were only fully attracted to a 

reconstituted mixture tha t contained all seven components in their natural 

proportions.

The original glass vial work centred on the aphid sex pheromone 

components. It was never published per se but is often referred to as the basis for 

the desired 200 fig/day release rate of nepetalactone tha t elicits a response from 

oviparous insects (Hardie e t al., 1990! 1992).
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11.2. MATERIALS AND METHODS

The compounds used in this chapter were selected to represent a range for 

each of the Abraham descriptors E, S, A, B and L from the larger data set that was 

subjected to the one-way analysis of variance correlations explored in chapter 13.

The glass vials used were purchased from Chromacol, Welwyn Garden City 

and were of type 08-CPV (a). An example is shown in figure 6.1, each vial has a 

0.8ml capacity with a 40mm height and a 6mm external base diameter. They were 

made from amber glass and capped with push in polythene stoppers (Chromacol, 8- 

PEP 1) that had a 1mm hole drilled in them to allow the chemical to escape.

11.2.1. Preparation of glass vials

An aliquot (lOpl) of compound was added to each amber glass vial (08- 

CPV (a) Chromacol, Welwyn Garden City) using a 10 microlitre (lOpl) Hamilton 

syringe and the weight of the compound added was recorded on a 5 place balance. 

Nepeta cataria volatile oil was obtained from Botanix Limited (formerly EHP) and 

produced as described in chapter 3.2.1. The majority of compounds were obtained 

from Fluka, Aldrich and Avocado at 95-99 % purity. A few compounds (e.g. 

phenylacetaldehyde, 90% Avacadoî 4-hydroxy-4 methyl pentan-2-one, 85%; geranyl 

propionate, 79% Aldrich) were of moderate purity. Redistilled diethyl ether (50pl) 

was added to each vial to help disperse the compound, and decrease the distance 

over which diffusion is unassisted (Hartley and Graham Bryce 1980).

Then a push in polythene cap (8 PEP1, Chromacol) was added with a 

1mm hole drilled in it to allow the loss of the vial contents. There were 4 vials 

prepared for each time period, t = 0, 7, 14, 21, 28 and 35 days for longifolene, 2- 

undecanone, linalool, nepetalactone, phenylacetaldehyde, limonene, hexanol, and 

ethylcyclohexane. The other compounds were sampled on a scale of 0, 1, 2, 4, 8, 16 

and 24 days and had 3 duplicate vials.

11.2.2. Extraction of the glass vials

Dodecane (approximately 250mg, Aldrich 25913) was weighed and then 

transferred into a volumetric flask (500ml) with washings of redistilled diethyl ether. 

The solution was made up to the m ark and stored a t 20 degrees Celsius. This 

extraction solution contained lOmg dodecane/ 20ml diethyl ether.
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The four t = 0 vials were extracted immediately by placing them into a wide 

necked quick fit test tube and adding 20ml of the dodecane/ diethyl ether extraction 

solution. The tubes were stoppered and PTFE tape was applied to the joint. The 

tubes were left at room temperature to extract for 24 hours. After this time, an 

aliquot was removed and diluted 5 times with redistilled hexane before gas 

chromatography (GC).

11.2.3. GC

Samples were analysed on a Hewlett Packard 6890 GC fitted with a 50m x 

0.32mm ID, 0.52pm film thickness HP-1 (100% poly dime thy Isiloxanel Hewlett 

Packard) column. A cold on column injection system was utilised. The GC program 

used had an initial temperature of 30°C for 1 minute and then rose at 5°C/min to 

150°C, where it remained for 0.1 minute. It then rose at 10°C / min to 250°C. The 

carrier gas was hydrogen. Total run time was 58.1 minutes. This system was 

attached to a flame ionisation detector (FID).

11.2.4. Conversion of GC data into ra te  constant

The concentration of the GC peak (i.e. the amount of compound left in the 

vial) was converted to percentage remaining. This was achieved by expressing the 

amount left in the vial as a percentage of the initiaPweight loaded into the vial. A 

mean average of the three duplicates was used when the data were put into the 

maximum likelihood program (MLP; Ross, 1987) to calculate the rate constant, k, for 

the loss of compound.

The MLP is a DOS computer program developed a t Rothamsted th a t fits 

the data entered into first order kinetics profile and predicts the k value for the 

reaction based on a method of least squares. It is then possible to calculate the time 

needed for the first order reaction to be half completed, or in this case for half the 

initial loading to be lost. This value is called the half life, or t%, and is given by the 

equation 11.1. The half life concept means that the time taken for the reaction to 

proceed from 0 to 50% loss is exactly the same as the time needed to proceed from 50 

to 75% loss and so on.

In 2
t j  = —j—  (equation 11.1)

2 ^

159



Chapter 11. The use of glass v ia ls as a controlled release system

11.3. RESULTS AND DISCUSSION

11.3.1. The data  set

Figures 11.2 and 11.3 show the distribution of each of the Abraham 

descriptors E, S, A, B and L. It should be noted tha t of the sixty nine compounds 

tested, there were three compounds th a t had no descriptors available, and three 

more compounds had missing descriptors. As these figures show, there are still some 

areas of each descriptor tha t are not well represented. One of the future aims would 

be to find suitable compounds to fill these gaps. The A descriptor appeared the least 

represented of all the descriptors, with fifty of the sixty six compounds possessing an 

A value that was zero. In addition, there was a biased distribution of the rate 

constant descriptor towards low values of k. Forty-five of the sixtyseven recorded k  

descriptors were below 0.10.

11.3.2. Loss of compound from glass vials

Quantification of the amount of compound th a t remained in the vial at any 

of sampling days was achieved using a solvent extraction /GC quantification 

approach as described in chapter 11.2.211.2.4. The raw data (table 11.1, appendix 

11) for mean percentages remaining of each of the compounds tested were then fed 

into the MLP software to acquire the rate constant as described in chapter 11.2.4.
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11.3.3. MLP output

The output of the MLP software is a page for each compound containing a 

list of equation param eter values with standard error and correlation statistics to 

quantify the correlation and a table of observed and calculated values (see example 

below). The MLP output equation takes the form of equation 11.2.

E (y) = A + B * R** X (equation 11.2)

Where E = estimate, y = percentage remaining, x = day, * = multiply and A, B, and R are parameters. 

Since A is fixed as 0 in this model, it is effectively removed from the equation.

An example output, for l octen 3 ol:

Equation- E (y) = A + B * R** x R = Exp ( K) with asymptote y = 0.000

Parameter Value S.E. correlations

R 0.969 0.0007 1.000

B 99.284 0.544 -0.598

Fix A 0.000

K 0.032 0.0007

R.S.S. 4.530 D.F. 5 R.M.S. 0.906

Percentage variance accounted for = 99.777 (not a 
data sets)

test of fit, nor for comparison (

Table of Observed and calculated values for percentage remaining (%)

Unit X Y E(Y) Res.
0.00 100.00 — 0Ÿ2

2 1.00 96.69 96.17 0.52
3 2.00 92.27 93.15 -0.88
4 4.00 86.43 87.40 -0.97
5 8.00 76.99 76.94 0.05
6 16.00 60.87 59.63 1.24
7 24.000 45.52 46.21 -0.69

The MLP software gives a high-quality fit. This can be demonstrated by 

comparison of the observed and calculated values of percentage of compound 

remaining in the glass vial for the example compound, l  octen 3 ol. The
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experimentally observed values are near to the values calculated by the MLP 

program (figure 11.4). In addition, the MLP generated values for the rate constant 

for the loss of compound from a vial, k, were compared to the .A" values obtained from 

the slope of the plot of Ln Co/ C versus time for one set of the Sitona bait compounds 

(table 11.2).

Table 11.2. A comparison of the rate constant for loss of a compound from a glass 

vial, k, calculated by two methods. Method 1, using MLP software and method 2, 

from the slope of a plot In Co/C vs. time in Excel.

Compound
MLP Excel

locten-3ol 0.0129 0.0142
2 phenylethanol 0.0091 0.0088
alpha-terpineol 0.0176 0.0171
benzyl alcohol 0.0085 0.0082

beta-caryophyUene 0.0054 0.0048
(Z)‘3-hexenol 0.0410 0.0431

(Z)-3-hexenyl acetate 0.0641 0.0477
methyl sahcylate 0.0136 . 0.0132

The two methods show good agreement on the whole. The (.^ 3 hexenyl 

acetate figures show the largest difference, with the MLP value approximately 34% 

larger than the Excel value. The MLP fit began to deviate from the raw data on days 

16 and 24, as shown by larger residual values on these days.
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Figure 11.4. A comparison of the observed (experimental) and the MLP predicted data for percentage of 
compound remaining in the glass vial for the examplar compound, l octen-S ol.
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Once the equation parameters are known, the percentage remaining can be 

calculated for any day. For example, using the parameters for l octen 3 ol, the 

percentage remaining on day 20 would be E (y) = 99.284 * 0.969** 20 which 

corresponds to 52.89% remaining. Since the mean weight of 1 octen 3 ol vials was 

8.51g, this would correspond to a total loss of 4.01g of 1 octen 3 ol or a 0.20g loss per 

day for 20 days.

The equation parameters for all the compounds used in this chapter are 

summarised in table 11.3.

Table 11.3. A table to show the B and R parameters, the rate constant {Id 

determined using the Maximum likelihood program (MLP) and the half life 

calculated using equation 11.1 for each of the compounds investigated.

Compound

B parameter 
from eq. 11.2

R parameter 
from eq. 11.2

Rate constant
œ

(days'i )

Half
life

(days)

benzyl benzoate 99.019 0.998 0.002 347
2 - me thoxy - 4 • ally Iphe nol 98.931 0.998 0.002 347

3 bromoquinoline 99.209 0.998 0.002 347
cinnamyl acetate 98.888 0.997 0.003 231
(-)alpha-Cedrene 100.282 0.997 0.003 231

geranyl propionate 99.947 0.997 0.003 231
geranyl acetate 97.583 0.995 0.005 139

4-ethylacetophenone 98.752 0.995 0.005 139
citronellyl propionate 99.038 0.995 0.005 139

longifolene 100.548 0.999 0.006 116
alpha-terpineol 99.192 0.994 0.006 116
2-phenylethanol 97.102 0.994 0.006 116

benzothiazole 97.579 0.994 0.006 116
undecan-2-one 101.082 0.993 0.007 99

transbetacaryophyllene 100.455 0.993 0.007 99
indole 96.882 0.993 0.007 99

carvone 100.611 0.993 0.007 99
n-methylformamide 76.342 0.993 0.007 99

alphacopaene 102.219 0.992 0.008 87
verbenone 99.620 0.992 0.008 87
2-nonanol 96.098 0.991 0.009 77

citronellyl formate 99.199 0.991 0.009 77
undecanal 98.635 0.991 0.009 77

benzyl alcohol 102.382 0.990 0.01 69
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Table 11.3. (continued). A table to show the B and R parameters, the rate constant 

(Jd determined using the Maximum likelihood program (MLP) and the halMife 

calculated using equation 5.1 for each of the compounds investigated.

methyl salicylate 99.137 0.988 0.012 58
bornyl acetate 102.323 0.986 0.014 50

n o n a n lo l 97.072 0.985 0.014 50
diethyl malonate 101.739 0.985 0.015 46

alloaromadendrene 101.480 0.985 0.015 46
linalool 101.470 0.984 0.016 43

geranyl formate 101.038 0.983 0.017 41
d o d ec len e 102.955 0.978 0.023 30
thujopsene 104.506 0.978 0.023 30

1,3 butanediol 101.842 0.979 0.024 29
nepetalactone 101.602 0.976 0.024 29

4 methyl 3,5 heptane dione 99.549 0.975 0.026 27
1 octen-3-ol 99.284 0.969 0.032 22
cis jasmone 106.364 0.968 0.032 22

acetophenone 102.827 0.967 0.033 21
anis aldehyde 100.791 0.994 0.06 12

phenylacetaldehyde 101.251 0.940 0.062 11
nonan 2 one 106.276 0.932 0.071 10

undecane 110.567 0.923 0.08 9
hexan l oi 102.903 0.902 0.103 7

trans hex 2 en l ol 99.827 0.897 0.109 6
1,1,2‘tri.bromoethane 107.218 0.891 0.116 6

(Z)3'hexen 1 ol 104.756 0.889 0.117 6
(Z) 3 hexenyl acetate 107.347 0.880 0.128 5

cinnamaldéhyde 85.330 0.869 0.141 5
hydroxy-4'methylpentan-2 one 104.020 0.859 0.152 5

6-methylhept 5 en-2 one 104.574 0.858 0.153 4
octan 3 one 108.652 0.811 0.209 3
1,8'cineole 103.037 0.809 0.212 3
myrcene 109.869 0.778 0.252 3
decanal 91.880 0.753 0.283 2

limonene 100.006 0.706 0.348 2
beta-pinene 103.841 0.692 0.367 2

benzaldehyde 95.150 0.638 0.449 2
allyl isothiocyanate 104.100 0.620 0.477 1

alpha-pinene 102.321 0.593 0.522 1
non-l-ene 102.672 0.475 0.744 0.9

trans-hex-2-en-lal 99.553 0.322 1.133 0.6
hexan al 100.332 0.264 1.333 0.5

(Z)-beta-ocimene 100.286 0.252 1.379 0.5
ethylcyclohexane 100 0.213 1.548 0.5

3,4dihydro-2H-pyran 99.633 0.070 2.653 0.3

167



Chapter 11. The use of g lass v ials as a controlled release system

Two extremes of volatility are shown by 1 nonene, which had all evaporated 

by day 8, and decyl acetate, which still had 100% of the loaded amount remaining at 

the end of the experiment (meaning a rate constant could not be calculated). This 

discovery is not surprising when their relative physical properties are considered. 

For example, their boiling points (b.p.) are 146 and 244 °C respectively.

11.4. CONCLUSIONS

Values for the missing physical descriptors need to be found or measured. 

Details of how this may be achieved were described earlier [chapter 9.5].

More compounds need to have their release from glass vials measured to 

strengthen the total data set. In addition, these supplementary compounds should 

be focused on the areas of each descriptor th a t are poorly represented at present 

(figures 11.2 and 11.3).

11.4.1. Design of the field evaluation for a pest species

In order to avoid the intramolecular and intermolecular interactions tha t 

would be caused if all of the component compounds were released from a single vial, 

a single compound was released from each vial. For that reason, a number of vials 

were used to achieve the total release amount for each component compound. The 

specific details of the number of vials involved in each treatm ent are included in 

method sections of chapters 15 and 16.

A brief preliminary study was also undertaken in which a second chemical 

was added to the compound being released in order to retard its release. Oleyl 

alcohol (cis 9 octadecen 1 ol) was added to trans 2 hexen l al in an attempt to slow 

down the release of trans 2 hexen 1 al. The two compounds were mixed in mole 

fractions determined from Raoult’s Law activity coefficient calculations done by 

Carmen Riverol using specialised software called UNIFAC (Fredenslund, Gmehling 

and Ramussen, 1977). The effect on the activity coefficient caused by the binary 

mixture is shown by the following example:

e.g. By definition at 100 mol%, the activity coefficient is 1.00. If we consider the 

following definition of Raoult’s law:

y = p / po X (equation 11.3)

where X = the mol fraction of a given component, say H (mol%/100), P = the vapour 
pressure of H in the mixture, and P° = the vapour pressure of pure hquid H.
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Hence, P = yP °X  (equation 11.4)

Then for trans 2 hexen l al (H) one might expect that in a 50 moi% mixture, if the 

mixture were ideal with an activity coefficient of 1, the vapour pressure of H would 

be given by:

P =  l.OPo 0.5 = 0.50 Po

However, y is calculated (UNIFAC) to be 0.6622 so then we have 

P = 0.6622 po 0.5 = 0.3311 P°

Thus, the presence of the alcohol has reduced the vapour pressure from the 

expected 0.5 P° to 0.3311 P°. This effect is most dramatic on the 90:10 mixture of 

oleyl alcohol to trans 2 hexen l al, where the expected 0.1 P° becomes 0.0248 P°.

Due to time constraints, and the need to prioritise other avenues of 

investigation, only the study mentioned above was conducted. Release rate data 

confirming the calculations were not obtained because too little compound was used 

and it was all released within a few days. This idea may have great potential and 

should be investigated further; especially since the glass vial system has proved able 

to release treatm ents with field stable ratios over extended periods of time (chapters 

15 and 16).

11.4.2. Comparison of glass vial system to other methods of controlled release 

Release rate data are available for two methods of controlled release for the 

nine components of the bait used in the Sitona lineatus trapping experiments 

described in chapters 15 and 16. The indoor release rate from glass vials (figures ex. 

table 6.1) is less than 4% of the indoor release rate from Polybag baits (figures ex. 

tables 14.1) in 70% of the compounds (table 11.4). The significance of this is order of 

magnitude difference in release rate is discussed further in chapter 15.4.3, in light of 

the trap catches that resulted from traps baited with these two controlled release 

systems.
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Table 11.4. A comparison of the release rate of the ten component compounds used 

in the Sitona lineatushoit treatm ents used in chapters 15 and 16 from two different 

controlled release systems.

Component Glass vial release rate (mg/day) Polybag release rate (mg/day)
(figs. ex table 7.6) (Figs ex. table 14.1)

(Z)-3 hexen l oi 0.33 22 for 35 days
oct'l-en-3’ol 0.19 3.9 for 40 days

beta-caryophyllene 0.06 3.9 days 3-18;
0.7 days 18 40

alpha-terpineol 0.06 3.2 for 25 days
2-phenylethanol 0.07 0.9 for 70-1- days
benzyl alcohol 0.08 0.4 for 904- days

hexanal 3.84 for 2 days 3.3 days 211
(Z)-3-hexenyl acetate 0.36 13 days 0 20;

5 days 20 40
linalool 0.12 0.8 days 0 20;

0.4 days 20-50
methyl salicylate 0.12 2.4 for days 3 30
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A p p e n d i x  11

Table 11.1. Raw data for mean percentage of compound remaining in the vial with time.

Compound 1 2 4
Day
8 16 24 28

benzyl benzoate 99.82 % 98.00 97.06 96.07 95.12 93.89
2-methoxy-4-allylphenol 98.82 98.55 97.12 96.47 96.08 94.19

3 bromoquinoline 100.00 98.19 97.67 97.47 96.60 95.79
cinnamyl acetate 98.64 97.56 97.27 96.23 94.09 92.09
(*)alpha-Cedrene 100.00 99.68 99.04 97.33 96.81 92.02

geranyl propionate 100.00 100.00 98.81 96.89 95.24 94.48
geranyl acetate 98.13 97.71 93.01 90.84 88.28 88.72

4-ethylacetophenone 98.69 98.50 94.69 94.25 92.17 88.57
citronellyl propionate 98.28 97.66 97.26 94.61 93.24 88.43

longifolene (7) 100.00 (14) 100.00 (21) 100.00 100.00
alpha-terpineol 99.28 95.15 94.59 88.76 86.34
2-phenylethanol 97.09 96.22 " 91.90 90.58 87.30 85.49

benzothiazole 97.26 94.71 93.08 92.78 89.86 83.32
undecan-2-one (7) 97.50 (14) 90.77 (21) 87.97 82.18

trans-beta-caryophyllene 100.00 98.44 97.10 95.14 92.28 82.31
indole 95.14 94.55 92.49 92.39 86.07 82.82

carvone 100.00 98.40 97.66 97.58 89.58 84.59
n-methylformamide 76.25 76.15 73.16 71.41 68.26 64.57

alphacopaene 100.00 100.00 100.00 100.00 93.07 81.01
verbenone 98.77 98.01 94.56 94.41 87.86 80.74
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Table 11.1 (continued). Raw data for mean percentage of compound remaining in the vial with time.

2-nonanol 94.07 92.93 91.89 87.41 83.21 77.64
citronellyl formate 98.58 97.43 95.20 89.87 87.57 78.91

undecanal 97.17 96.80 95.33 90.24 84.60 79.97
benzyl alcohol 100.00 100.00 100.00 100.00 85.01 79.91

methyl salicylate 95.82 95.56 94.50 93.59 84.28 72.68
bornyl acetate 100.00 100.00 97.36 95.78 80.41 72.10

nonan-l-ol 100.00 99.56 83.16 78.77 75.58 74.14
diethyl malonate 99.62 98.68 97.89 92.56 78.63 71.28

alloaromadendrene 100.00 98.33 94.74 92.96 83.00 68.18
linalool (7) 90.83 (14)81.27 (21) 75.96

geranyl formate 97.98 95.68 95.12 91.59 80.79 61.59
dodec-l-ene 98.84 98.51 96.45 89.28 74.81 54.88
thujopsene 100.00 100.00 98.29 91.76 79.75 52.03

1,3 butanediol 100.00 94.99 , 94.12 93.72 69.81 60.61
nepetalactone (14) 74.64 (21) 65.35

4-methyl 3,5 heptane dione 94.89 93.10 90.07 86.34 65.15 52.39
1 octen-3-ol 96.69 92.27 86.43 76.99 60.87 45.52
cis jasmone 100.00 100.00 97.77 92.10 67.23 39.39

acetophenone 98.15 96.60 93.70 81.31 59.64 44.65
anis aldehyde 100.00 100.00 97.93 97.39 90.68 86.53

phenylacetaldehyde (7) 66.17 (14) 44.18 (21) 33.74
nonan-2-one 100.00 91.92 85.97 63.93 39.04 5.71

undecane 100.00 96.49 91.91 70.93 21.34 2.72
hexan-l o i (7) 58.24 (14) 24.83 (21) 3.76

61.08

50.90

14.29

0.00
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Table 11.1 (continued). Raw data for mean percentage of compound remaining in the vial with time.

trans-hex-2-en-1 *ol 83.59 79.67 71.66 49.10 8.97 0.00
1,1,2-tribromoethane 92.79 90.26 78.78 44.01 5.09 0.00

(Z)-3-hexen-l-ol 92.30 85.93 71.42 43.08 9.42 0.00
(Z)-3*hexenyl acetate 93.76 88.25 73.40 39.82 0.62 0.00

cinnamaldéhyde 69.00 48.29 46.95 34.14 13.69 12.64
^droxy 4-methylpentan-2-one 88.15 81.25 62.25 29.62 0.00 0.00
6-methylhept-5-en-2-one 88.48 81.74 64.03 27.49 0.00 0.00

octan 3 one 93.14 78.53 54.12 5.03 0.00 0.00
1,8-cineole 79.92 76.83 47.87 9.08 1.16 0.00
myrcene 92.78 78.82 35.80 1.76 0.00 0.00
decanal 67.05 37.12 29.39 28.17 19.46 13.58

limonene (7) 8.90 (14) 0.03 (21) 0.00
beta-pinene 75.77 57.12 14.56 3.19 0.44 0.11

benzaldehyde 49.88 40.32 . 24.77 1.39 0.48 0.00
allyl isothiocyanate 70.59 46.62 1.34 0.00 0.00 0.00

alpha-pinene 66.42 34.87 7.31 2.36 0.57 0.00
non-l-ene 59.09 14.33 0.87 0.00 0.00 0.00

trans-hex-2 en l  -al 29.49 13.71 4.05 0.46 0.28 0.12
hexanal 28.96 2.31 0.00 0.00 0.00 0.00

(Z)-beta-ocimene 27.53 1.81 0.62 0.42 0.00 0.00
ethylcyclohexane (7)0.002 (14) 0.00 (21) 0.00

3,4dihydro-2H-pyran 182 0.34 0.00 0.00 0.00 0.00

0.00

0.00
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C h a p t e r  12

R E G R E S S I O N  A N A L Y S I S  O F  G O  S P E C I F I C
V O L U M E .

12.1. INTRODUCTION

Regression analysis is a statistical technique to investigate a relationship 

(correlation) between variables [see 7.6 for detailed definition]. In this chapter I 

perform the simple correlation of the gas chromatography (GC) property specific 

volume, as Log Vg, with fundamental physical properties of pure compounds. The 

physical properties used were molecular weight, boiling point, vapour pressure and 

Log partition (octanol water). Vapour pressure and boiling point have an intimate 

relationship. The boiling point is the temperature at which the vapour pressure of 

the liquid equals the external pressure. Log partition (octanol water), or simply Log 

P, has long been known to be one of the quantitative physical properties tha t 

correlate with biological activity (Hansch and Leo, 1995). In addition, the correlation 

of Log Vg with single Abraham descriptors was performed.

I also perform a multiple linear regression analysis of Log Vg against the 

Abraham general solvation equation descriptors (E, S, A, B, and L). In addition, the 

predictive capacity of any resultant correlation equation for Log Vg was tested using 

the methods described in chapter 12.2.3.

12.2. METHOD AND MATERIALS

12.2.1. Linear regression analysis

The GC data collected in chapter 9 (as Log Vg) was subjected to a one-way 

analysis of variance correlation with boiling point, vapour pressure at 25°C (mm Hg), 

molecular mass, and Log P (octanol water) using Microsoft Excel 2000. The physical 

data were obtained from two main World Wide Web resources*.

Each of the Abraham descriptors E, S, A, B and L was also subjected to one

way analysis of variance correlation against Log Vg using Microsoft Excel. The data 

used for this correlation are recorded in table 12.1 (appendix).
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*http7/chemfinder.cambridgesoft.com/ & http://esc.syrres.com/interkow/physdemo.htm.

12.2.2. Multiple linear regression analysis

Multiple linear regression analysis was performed with the specific volume, 

Log V g, as the dependent variable, y and the Abraham descriptors as the 

independent variables using Microsoft Excel.

12.2.3. Testing predictive capacity

In addition, the predictive capacity of the correlation equation for Log Vg 

was tested as follows.

Method one. The total data set for Log Vg (86 data) was divided into a training set 

and a test set by placing the total set in order of Log Vg and then assigning every 

fourth value into the test set (n =22). The remaining (64) values formed the training 

set th a t was used to develop a correlation equation that in turn is used to predict the 

values of the test set. As the test set was not used to set up the correlation equation, 

a comparison of the predicted and observed values for the test set is a valuable guide 

to the predictive power of the training equation. This first training/test set is 

referred to as l(Log Vg).

Then, the 86 compounds were listed in order of the independent variable S, 

and every fourth value was assigned to a new test set, leaving 64 values as a new 

training set; the new training /test set being denoted as 2(8). The same process was 

repeated for the other independent variables in the correlation equation to give 

training/test sets denoted as 3(A), and 4(L).

Method two. The total data set for Log Vg (86 data) was divided into a training set 

and a test set by placing the total set in order of Log Vg and then assigning every 

third value into the test set (n =29). To thoroughly check the total data set this was 

repeated three times. In the first division compounds 1,4,7,10,13, etc. were removed 

to create the test sets 5 8; the second time compounds 2,5,8,11,14, etc. made the test 

sets 9 12 and the third time compounds 3,6,9,12,15, etc. made the test sets 13 16. 

The remaining (57) values formed the training set tha t was used to develop a 

correlation equation tha t in turn is used to predict the values of the test set.
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Then, the total data set was listed in order of each independent variable 

and every third value was assigned to a new test set, leaving 57 values as a new 

training set. This division was also repeated three times with the same staggered 

intervals as described above.

In addition, the alternative method of plotting experimentally observed 

against predicted values was used to assess the correlation equation. Residuals were 

also examined by plotting the experimentally obtained rate constant values against 

the residuals of the predicted values. In such figures, a random pattern of the data 

points indicates that there is not substantial systematic error in the data.

12.3. RESULTS AND DISCUSSION

12.3.1. Simple regression

The correlation of Log Vg against boiling point (figure 12. la) showed the 

best linear correlation (y= 7I.399x + 185.75, R  ̂ = 0.94, n = 89), which is not 

surprising as the data was gathered on a boiling point column. There was a strong 

correlation of Log Vg against vapour pressure (figure 12. Id). However, this 

correlation was best expressed as an exponential fit with y = 0.5712e'^̂ ^^^* (r  ̂= 0.82, 

n = 79). I already established in chapter 5.3 th a t Log Vg is related to vapour 

pressure by the equation-

V = ^  (equation 12.1)
Ws / pm

where R = gas constant, /  = activity coefficient ( a factor which multiples that actual
concentration to give the ‘effective’ concentration, p =solute vapour pressure, and Ws = 
mass of the stationary liquid with molecular weight M

Also, since there is an association between vapour pressure and boiling point, it 

justifies the use of these properties as single descriptors in the calculation of further 

Log Vg values.

There was also a strong correlation of Log Vg against molecular weight 

(figure 12. la, r  ̂ = 0.77, n= 96). The correlation of Log Vg against Log P (Octanol

water) was modest (figure 12. Id, r  ̂= 0.50, n= 90).
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The correlations of Log Vg against the individual Abraham descriptors (E, 

S, A, B and L) were also varied (see figure 12.2). LogL̂ ® was the only descriptor with 

a feasible correlation, with an r  ̂= 0.97 (n=99) for its linear correlation against Log 

Vg. This finding was to be expected seeing as Log L̂ ® was proven to be the most 

important descriptor controlling elution on the HP-1 GC phase (equation 9.2, chapter 

9.3.3). Consequently, it is argued that there is no need to perform multiple linear 

regression analysis involving the Abraham descriptors because the simple (linear) 

correlation already accounts for 97% of the information contained in the data.
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Figure 12.1a. Log Vg versus molecular weight
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Figure 12.1a d. Linear regression analysis of Log Vg against molecular weight (fig. a), boiling point (fig. b), Log P (fig. C) and vapour pressure (fig. d).
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Figure 12.2a. Log Vg versus E
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Figure 12.2b. Log Vg versus S
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Figure 12.2a d. Linear regression analysis of Log Vg against E ( fig. a), S (fig. b), A (fig. C) and L ( fig. d).
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12.3.2. Multiple linear regression analysis.

12.3.2.1. Log Vg against E, S, A, B, A and L

Log Vg =-2.1846 + 0.1842S + 0.2580A + 0.4674L (equation 12,2)
(0.016) (0.010) (0.029) (0.002)

n = 86, r2= 0.9981, SE = 0.035, F = 14649.53 
where Vg= the specific retention volume and values in brackets are standard error (SE).

Equation 12.2 is an “improved” correlation compared to equation 9.2, which 

was based on 66 data points. The 86 data points used to create equation 12.2 

represent a larger spread of explanatory (independent) variables and thus should 

produce a correlation that better “explains” the data set. There are no E or B 

Abraham descriptors in equation 12.2 since their regression coefficients were small 

and therefore not required in the correlation (already established in chapter 9).

Equation 12.2 has a correlation coefficient comparable to the statistical 

standard generally observed when Log Vg is correlated to the Abraham descriptors 

(Abraham e t a l, 1998). For example, for a 147 data point correlation involving an 

OVl phase, the correlation coefficient (r) was 0.9982 with their highest standard 

deviation value of 0.214. The groups “best” correlation was based on 73 data points 

on a DBS phase, r  = 0.9969 and sd = 0.050.

12.3.3. Predictive capacity of the Log Vg correlation equation 

Method one

A summary of the statistics for the four, 64 compound training sets are 

given in table 12.2, and a comparison of the predicted and observed values of Log Vg 

for the twenty two compound test sets are given in table 12.3.

Also shown in tables 12.2 and 12.3 are the mean values of the various 

coefficients and statistics for the training and test sets. The four training sets 

coefficients show moderate similarity to the coefficients of the correlation equation. 

The AD value of test set 3 (Abraham descriptor A) shows the greatest deviation from 

the average of the four test sets. The A descriptor is a frequent source of difficulty, 

since there are only a few compounds which possess an A value.
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Table 12.2. A summary of the training set correlation derived using method one to 

test the predictive capacity of the Log Vg correlation equation.

c s a 1 R2 SE

l(Log Vg) -2.1941 0.1793 0.2438 0.4693 0.9981 0.0351

2(8) -2.1681 0.1847 0.2226 0.4647 0.9978 0.0372

3(A) -2.1946 0.1886 0.2985 0.4687 0.9987 0.0289

4(L) -2.1916 0.1870 0.2469 0.4682 0.9978 0.0380

Av -2.1871 0.1849 0.2530 0.4677 0.9981 0.0348

Table 12.3. Comparison of predicted and observed Log Vg values for the test sets 

used in method one to test the predictive capacity of the Log Vg correlation 

equation.

8D AD AAD

l(Log Vg) 0.037 0.009 0.028

2(8) 0.032 0.005 0.021

3(A) 0.051 -0.007 0.031

4(L) 0.027 0.008 0.021

Av 0.037 0.004 0.025

Method two

A summary of the statistics for the training sets is given in table 12.4, and a 

comparison of the predicted and observed values of Log Vg for the test sets is given in 

table 12.5.

Comparison of the mean average (shown in bold, table 12.5) for each of the 

coefficients of the test sets in the three data set divisions (5 8, 9 12 and 13 16) shows 

tha t they are all similar, indicating that the total data set is robust and does not 

show bias towards any particular value.
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Table 12.4. A summary of the training sets correlations derived using method two 

to test the predictive capacity of the Log Vg correlation equation. Sets 5 8 were 

derived by removing every third value starting at 1, sets 9 12 by removing every 

third value starting at 2 and sets 13*16 by removing every third value starting a t 3.

c s a 1 R2 SE

5(LogVg) -2.1777 0.1764 0.2697 0.4668 0.9977 0.0393

6(8) -2.1474 0.1797 0.1853 0.4623 0.998 0.0352

7(A)^ -2.1896 0.1853 0.2816 0.4670 0.9987 0.0304

8(L) -2.1899 0.1830 0.2604 0.4685 0.9978 0.0393

Av -2.1765 0.1811 0.2493 0.4662 0.9981 0.0361

9(Log Vg) -2.1955 0.1967 0.2547 0.4680 0.9992 0.0230

10(8) -2.1985 0.1835 0.3136 0.4695 0.9982 0.0312

11(A) -2.1860 0.1835 0.2443 0.4679 0.9979 0.0394

12(L) -2.1921 0.1792 0.2396 0.4694 0.9979 0.0369

Av -2.1930 0.1857 0.2631 0.4687 0.9983 0.0326

13(Log Vg) -2.1808 0.1800 0.2452 0.4677 0.9977 0.0404

14(8) -2.1935 0.1847 0.2463 0.4687 0.9983 0.0367

15(A) -2.1820 0.1824 0.2467 0.4668 0.9979 0.0356

16(L) -2.1733 0.1895 0.2749 0.4650 0.9988 0.0282

Av -2.1824 0.1842 0.2533 0.4671 0.9982 0.0352

where undecan-2-one removed from train set as outlier.
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Table 12.5. Comparison of predicted and observed Log Vg values for the test sets 

used in method two to test the predictive capacity of the correlation equation.

8D AD AAD

5(Log Vg) 0.0262 0.0011 0.0213

6(8) 0.0410 -0.0032 0.0317

7(A)^ 0.0430 0.0007 0.0183

8(L) 0.0262 -0.0004 0.0212

Av. 0.0342 0.0005 0.0231

9(Log Vg) 0.0516 0.0049 0.0353

10(8) 0.0439 -0.0029 0.0283

11(A) 0.0258 0.0002 0.0202

12(L) 0.0323 -0.0005 0.0252

Av 0.0384 0.0004 0.0273

13 (Log Vg) 0.0221 -0.0070 0.0192

14(8) 0.0326 0.0065 0.0233

15(A)* 0.0352 0.0075 0.0250

16(L) 0.0475 -0.0022 0.0022

Av 0.0344 0.0012 6.0174

Where = undecan 2 one removed from train  set and * = undecan 2 one removed 
from the test set as outlier.

The web resources used to obtain independent variables limited the total 

number of data points available for each of the correlations performed. It has 

subsequently been brought to my attention tha t free software, such as Epi Suite 

from the Environmental Protection Agency (USA) website, is available to predict 

values for the fundamental physical properties of compounds. The use of further 

resources, such as Epi suite, may have improved the correlations by widening the 

spread of explanatory variables, which is important for the reasons stated in chapter

7.6.I.2.
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An alternative method to assess the correlation equation, and thus the 

LSER, would be plotting the experimentally observed values of Log Vg against the 

predicted values calculated by the LSER equation (figure 12.3). This is another 

indication of the strength of the correlation equation.

Residuals were also examined by plotting the experimentally obtained Log 

Vg values against the residuals of the predicted values (figure 12.4). The 

randomness of the data points shown in the figure indicates that there is not 

substantial systematic error in the data. The obvious outlier in the lower half of the 

figure is cinnamyl acetate.

Since the data used in this study were obtained using a temperature 

controlled programme and not by isothermal collection a t 120 degrees Celsius (°C), it 

prohibits direct comparison of the correlation equations presented here with other 

literature. The reason temperature controlled programming was used in this study 

was that column preparation and data collection of the same set of compounds would 

have been inherently time consuming, if at all possible. In addition, Graffis and 

Ballentine (2002) noted tha t compounds with high vapour pressures tend to 

volatilise off the column at 120 °C and lead to a situation where it is almost 

impossible to obtain useful retention information.

12.4. CONCLUSION

The correlation equation for Log Vg (equation 12.1) has been proved to be 

robust and has good predictive capacity. Therefore, it may be used with confidence 

for the calculation of further dependent variables based on new values of 

independent (Abraham) variables.
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Figure 12.3. Comparison of predicted and 
observed values of Log Vg
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Figure 12.3. Comparison of predicted and observed values of Log Vg and Figure 12.4. Residual analysis of Log Vg values.
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A p p e n d i x  12

Table 12.1. The data used in the investigation of a correlation between specific volume (Log V g) and Molecular weight, boiling point, Log P 

(octanol'water), and vapour pressure at 25 degrees Celsius.

Compound Name molecular weight boiling point
("O

LogP
(octanol’water)

vapour pressure 
25 degrees 
(mm Hg)

specific 
volume 
(log Vg)

rate 
constant 

(A) (day 1 )

(•)*alpha-cedrene 204.36 262 unknown unknown 0.9815 0.003
1,1,2'tribromoethane 266.76 188.93 2.28 unknown -0.0047 0.116

1,3 butanediol 90.12 207.5 -0.29 0.0201 ■0.3827 0.024
1,8-cineole 154.25 176.4 2.5 1.9 0.0610 0.212

2-methoxy-4-aUylphenol 164.21 253.2 2.99 0.02262 0.7866 0.002
2-methoxyphenol 124.14 205 1.32 0.103 0.1597 Not tested

2-nonanol 144.26 193.5 3.22 0.06755 0.1996 0.009
2-phenylethanol 122.17 218.2 1.36 0.0868 0.2418 0.006

2-phenylpropan-2-ol 136.2 . 202 1.95 0.52 0.1432 Not tested
3 bromoquinoline 208.06 275 3.03 0.00147 1.1341 0.002

4-ethylacetophenone 148.21 240 2.71 0.9143 0.6152 0.005
4-hydroxy-4-methylpentan-2-one 116.16 167.9 -0.34 1.71 -0.4391 0.152

4-methoxybenzaldehyde 136.15 248 1.76 0.0329 0.5377 0.060
6-methylhept-5-en*2-ol 128.22 195 2.57 unknown -0.0564 0.027

6-methylhept*5-en-2'one 126.2 175 2.06 unknown -0.0869 0.153
acetophenone 120.15 202 1.58 0.397 0.0916 0.033
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Tabte (ôontîntied). The data used in the investigation of a correlation between specific volume (Log Vg) and Molecular weight, boiling point,

Log P (octanol water), and vapour pressure at 25 degrees Celsius.

Alpha'copaene 204.36 248.5 5.71 unknown 0.8875 0.008
alpha-humulene 204.36 260 6.95 unknown 1.0824 Not tested

alloaromadendrene unknown unknown unknown unknown 1.1435 0.015
allyl isothiocyanate 99.155 152 2.15 3.698 -0.3452 0.477

alpha-cubenene unknown unknown unknown unknown 0.8288 Not tested
anethole 148.21 235 3.39 0.07 0.1831 Not tested

anthracene 178.24 339.9 4.45 0.00000267 1.8549 Not tested
anthraquinone 208.22 377 3.39 0.000000116 2.3926 Not tested

anthrone 194.24 153mp 3.66 0.0000183 2.2024 Not tested
alpha-pinene 136.24 155.9 4.83 4.75 -0.1503 0.522

alpha-terpineol(DL) 154.25 220 2.98 0.0423 0.1808 0.006
benzaldehyde 106.13 179 1.48 0.127 -0.1151 0.449
benzophenone 182.22 305.4 3.18 0.00193 1.4276 Not tested
benzothiazole 135.19 231 2.01 0.0143 0.4837 0.006
benzyl alcohol 108.14 205.3 1.1 0.094 -0.1151 0.010

benzyl benzoate 212.25 323.5 3.97 0.000224 1.7422 0.002
bornyl acetate 196.29 221 3.86 0.288 0.6504 0.014

beta-pinene 136.24 166 4.35 2.93 -0.0540 0.367
butyl isothiocyanate 115.2 168 2.92 2.55 -0.0681 Not tested

camphene 136.24 160 4.35 2.505 -0.1338 Not tested
camphor 152.24 204 3.04 0.65 0.3123 Not tested
carvone 150.22 231 3.07 0.16 0.5353 0.007

cinnamaldéhyde 132.16 246 1.9 0.02891 0.5400 0.141
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Table 12.1 (continued). The data used in the investigation of a correlation between specific volume (Log Vg) and Molecular weight, boiling point,
id vapour pressure at 25 degrees Celsius.

Cinnamyl acetate 176.22 264 2.35 unknown 0.9791 0.003
cis-3'hexenyl acetate 142.2 unknown unknown unknown -2.3480 0.128

cis-jasmone 164.25 258 3.55 unknown 0.8617 0.032
citronellyl formate 184.27 235 unknown unknown 0.6081 0.009

citronellyl propionate 200.31 unknown unknown unknown 0.9979 0.005
decanal 156.27 208.5 3.76 0.103 0.4320 0.283
decane 142.29 174.1 5.01 1.43 0.0000 Not tested

decyl acetate 200.32 244 4.79 0.00347 0.9181 No loss
diethyl malonate 160.17 200 0.96 0.269 0.0798 0.015

docosane 310.61 368.6 11.15 0.00000128 2.8176 Not tested
dodec'l'ene 168.33 213.8 6.1 0.1594 0.4414 0.023

dodecane 170.34 216.3 6.1 0.135 0.4696 Not tested
dodecyl acetate 228.38 265 5.78 0.000468 1.3853 Not tested

eicosan-l'ol 198.56 372 8.7 4.522E-08 3.0641 Not tested
eicosane 282.56 *343 10.16 0.000004619 2.3480 Not tested

ethylcyclohexane 112.22 131.9 4.56 12.83 -0.4086 1.548
geranyl acetate 196.29 240 4.48 0.033 0.8476 0.005
geranyl formate 182.25 216 unknown unknown 0.6715 0.017

geranyl propionate 210.32 252 unknown unknown 1.0707 0.003
germacrene D unknown unknown unknown unknown 1.1270 Not tested
heneicosane 296.58 356.5 10.65 0.00008725 2.5828 Not tested
heptadecane 240.48 302 8.69 0.000228 1.6436 Not tested
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Table 12.1 (continued). The data used in the investigation of a correlation between specific volume (Log Vg) and Molecular weight, boiling point,

Log P (octanol water), and vapour pressure at 25 degrees Celsius.

Heptanal 114.19 152.8 2.29 3.52 -0.2794 Not tested
hexadecane 226.45 286.8 8.25 0.00143 1.4088 Not tested
hexan-l'ol 102.18 156 2.03 0.809 -0.2771 0.103

hexanal 100.16 131 1.78 11.26 -0.5166 1.333
indole 117.15 254 2.14 0.0122 0.5940 0.007

isolongifolene 204.36 unknown unknown unknown 0.9228 Not tested
ledol unknown unknown unknown unknown 1.4182 Not tested

limonene 136.24 176 4.57 1.548 0.0634 0.348
linalool 154.25 197 2.97 0.16 0.1949 0.016

longifolene 204.36 258 5.48 0.0675 1.0002 0.006
methyl salicylate 152.15 222.9 2.55 0.0343 0.4109 0.012

myrcene 136.24 167 4.17 2.014 -0.0423 0.252
naphthalene 128.18 217.9 3.3 0.085 0.4015 Not tested

nerolidol 222.37 unknown 5.68 unknown 1.3031 Not tested
n-methylformamide 59.07 1^9.5 -0.97 0.253 1.4558 0.007

n nonadecane 268.53 329.9 9.67 0.00004903 2.1132 Not tested
n-octadecane 254.5 316.5 9.18 0.0003413 1.8784 Not tested

non-l'ene 126.24 146.9 5.15 5.4 -0.2677 0.744
nonan-l'ol 144.26 213.3 3.77 0.0227 0.4273 0.014

nonan-2-one 142.24 195.3 3.14 0.624 0.1691 0.071
non anal 142.24 191 3.27 0.37 0.1972 Not tested
nonane 128.26 150.8 4.76 4.45 -0.2348 Not tested

oct l  en 3 ol 128.22 175 unknown unknown -0.0845 0.032
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Table 12.1 (continued). The data used in the investigation of a correlation between specific volume (Log Va) and Molecular weight, boiling point, 

Log P (octanol water), and vapour pressure at 25 degrees Celsius.

oct*3*en'l'ol 128.22 unknown unknown unknown -0.0845 Not tested
octan'3'one 128.22 167.5 2.22 2 -0.0869 0.209

octanal 128.22 171 2.78 1.18 -0.0517 Not tested
octane 114.23 125.6 5.18 14.05 -0.4696 Not tested

octanoic acid 144.22 239 3.05 0.00371 0.4297 Not tested
pentadecan'l'ol 228.42 unknown 6.24 0.00003853 0.1667 Not tested

pentadecane 212.42 270.6 7.71 0.00343 1.1740 Not tested
phenanthrene 178.24 340 4.46 0.000112 1.8291 Not tested

phenylacetaldehyde 120.15 195 1.78 0.392 0.0376 0.062
phenylacetonitrile 117.15 233.5 1.56 0.0894 0.2137 Not tested

sabinene 136.24 164 unknown unknown -0.0470 Not tested
tetradecane 198.4 253.5 7.2 0.0116 0.9392 Not tested
thujopsene unknown unknown unknown unknown 1.1294 0.023

trans b'caryophyllene 204.36 263 6.3 unknown 1.0214 0.007
trans'b'ocimene 136.24 ” 175 4.8 2.68 0.0939 1.379

trans-hex'2-en-1 -al 98.146 146.5 1.58 6.6 -0.3545 1.133
trans-hex-2-en-l-ol 100.16 157 1.61 6.6 -0.3405 0.109

tiicosane 324.64 380 11.64 0.00001738 3.0524 Not tested
tridecane 184.37 235.4 6.73 0.0558 0.7044 Not tested

undecan-2 one 170.3 231.5 4.09 0.0414 0.6457 0.007
undecanal 170.3 unknown 4.25 unknown 0.6833 0.009
undecane 156.31 195.9 6.5 0.4119 0.2348 0.080
verbenone 150.22 227.5 3.21 unknown 0.4250 0.008
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C h a p t e r  13

R E G R E S S I O N  A N A L Y S I S  O F  T H E  R A T E  
C O N S T A N T  F O R  R E L E A S E  O F  C O M P O U N D  F R O M  A

G L A S S  V I A L

13.1. INTRODUCTION

The evaporation of the compounds from the glass vials represents the phase 

transition from solution through bulk liquid to gas. Since the Abraham descriptors 

(E, S, A, B and L) were set up to model the transfer properties of a compound from 

one phase to another phase, they can be used to model the glass vial controlled 

release systems used in chapters 15 and 16.

In order to bridge the missing phase transition, from solution to bulk liquid, 

additional descriptor terms are required. These are A*B and S*S and can be derived 

by simple multiplication of the existing Abraham descriptors. The additional 

descriptors reflect the interactions in the pure liquid, with the A*B descriptor 

dealing with the hydrogen bond interactions and the 8*8 descriptor with the 

dipole/dipole interactions (Abraham and Le, 1999). The specific model used in this 

thesis exploits gas chromatography (GC) and hence, the phase transition from 

solution to gas.

Chapter 13 follows the same strategy as chapter 12 did, except tha t the rate 

constant for the loss of compound from a glass vial, k  as calculated by the MLP 

software, is the dependent variable in all correlations.

13.2. METHOD AND MATERIAL8

13.2.1. L inear regression analysis

The logarithm of the rate constant data for the release of compound from a 

glass vial collected in chapter 11 (Log Id was subjected to a one-way analysis of 

variance correlation with empirical physical factors such as boiling point, vapour 

pressure a t 25°C, molecular mass, and Log P (octanol water) using Microsoft Excel 

2000. The physical data were obtained from two main World Wide Web resources*. 

Each of the Abraham coefficients E, 8, A, B and L was also subjected to one-way 

analysis of variance correlation against Log k  using Microsoft Excel. The data used 

for this correlation are recorded in table 12.1 (appendix chapter 12).
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13.2.2. Multiple linear regression analysis

Multiple linear regression analysis was performed with the rate constant, 

represented by Log k, as the dependent variable, y and the Abraham descriptors as 

the independent variables using Microsoft Excel 2000.

13.2.3. Predictive capacity of the rate  constant for loss of compound correlation

The predictive capacity of the correlation equation for Log k  (equation 13.2)

was tested as follows-

The total data set for log k  (50 data) were divided into a training set and a 

test set by placing the total set in order of Log k  and then assigning every fourth 

value into the test set (compounds 1,5,9,11, etc; n =13). The remaining (37) values 

formed the training set that was used to develop a correlation equation that in turn  

is used to predict the values of the test set. As the test set was not used to set up the 

correlation equation, a comparison of the predicted and observed values for the test 

set is a valuable guide to the predictive power of the training equation. This first 

training/test set is referred to as 1 ?(.&).

Then, the 50 compounds were listed in order of the independent variable S, 

and every fourth value was assigned to a new test set, leaving 37 values as a new 

training set; the new training /test set being denoted as 18(S). The same process was 

repeated for the other independent variables to give training/test sets denoted as 

19(A), 20(L), and 21(8*8).

In addition, the alternative method of plotting experimentally observed 

against predicted values was used to assess the correlation equation. Residuals were 

also examined by plotting the experimentally obtained rate constant values against 

the residuals of the predicted values. In such figures, a random pattern of the data 

points indicates tha t there is not substantial systematic error in the data.

13.3. RE8ULTS AND DI8CU88ION

13.3.1. 8imple regression of ra te  constant.

The correlation of logarithm of the rate constant against boiling point 

(figure 13.1a) showed a modest linear correlation (y= -40.09Ix + 149.53, R  ̂= 0.69, n 

= 57). There was also a modest correlation between the rate constant and vapour 

pressure (figure 13. Id). However, this correlation was exponential with y = 

4.4773e"2^®^* (r  ̂ = 0.63, n = 44). There were very weak correlations of the rate
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constant against molecular weight (figure 13.1a, r  ̂= 0.18, n= 63), and against Log P 

(Octanol water) (figure 13.Id, r  ̂= 0.0005, n= 53).

The correlations of the rate constant against the individual Abraham 

descriptors (E, S, and A) were very weak (see figure 13.2). LogL̂ ® was the only 

descriptor with a modest linear correlation, y= 0.902x + 3.7445 (r  ̂= 0.43, n=63).

The data lead to two hypotheses. Firstly, a hypothesis that the evaporation 

rate (and hence rate constant & Log Id of these compounds follows their boiling 

points in a descending order. That is, the higher the boiling point, the lower the 

evaporation rate. Twenty compounds are out of order by more than 10 places when 

rate constant is compared to boiling point (table 13.1, appendix). Compounds having 

a half-life of less than five days (i.e. from cinnamaldéhyde downwards in the table) 

are constantly placed higher by their boiling points than their rate constant data.

A second hypothesis would be that the release rate order follows their 

vapour pressure in ascending order. This hypothesis misplaced a similar number of 

compounds (table 13.1 in appendix). Vapour pressure should be closely related to 

intermolecular force. At a given temperature, a liquid with low molecular forces will 

have a larger fraction of its molecules with sufficient kinetic energy to evaporate 

than a liquid with higher intermolecular forces.

Many research groups have found a link between vapour pressure and 

evaporation rate (Gückel, Synnatchke and Rittig, 1973, Krohl e t a l, 1998). The 

group led by Gückel described the original gravimetric method for determining the 

volatility (evaporation rate) of pesticides, and found a direct linear relationship when 

they performed a double log plot with vapour pressure as the ordinate and 

evaporation rate as the abscissa (Gückel, Synnatchke and Rittig, 1973). Over the 

next twenty years, improvements in balance, thermostat, and oven technologies 

allowed improvements to their technique (Gückel e t a l, 1995).
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Log k versus molecular weight
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Figure 13.1a d. Linear regression analysis of Log rate constant. A, against molecular weight (a), boiling point (b), Log P (C) and vapour pressure (d).
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Log k versus E
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At this point, a note of caution is advisable. The lack of physical 

characteristic data for many of the compounds may be causing undue bias. For 

example, twenty two compounds have no vapour pressure data assigned. Thus, the 

figures of misplaced compounds presented in the previous two paragraphs may be a 

misrepresentation of the actual situation. Nevertheless, this situation could be 

resolved only with a full data set, comprising physical characteristic values for each 

and every compound. As mentioned earlier in chapter 12.3.3, the use of predictive 

software might have avoided such a situation; however I was unable to obtain a 

functioning copy of this software at the time of writing this thesis.

Assigning vapour pressure values has been a very difficult task, especially 

when many of the compounds are natural products with limited physical property 

data available. This situation makes the search for simple descriptors to use in the 

calculation of evaporation rate all the more important. As described earlier in 

chapter 12 [equation 12.1], vapour pressure and Log Vg are linked. This is 

advantageous whilst searching for correlations, since the measurement of Log Vg is 

simple compared to finding the vapour pressure of many of these compounds.

13.3.2. Multiple linear regression analysis

13.3.2.1. Rate constant. Log k, against E, S, A, B and L

Out of the sixty-nine compounds tested in the glass vial system, only 63 

had all their descriptors available. After the initial regression, any outlying 

compounds with a standard residue of above 2.5 were rejected and a new 

regression was performed.

The E and B descriptors were rejected as they had small regression 

coefficients. After 4 rounds of regressions, a data set of 50 compounds led to 

equation 13.1:

Logv^= 1.1883 - 0.4116S -  1.7126A- 0.4725L (equation 13.1)
(0.3488) (0.1444) (0.3761) (0.0577)

n =50, r2= 0.6167, SE = 0.3812, F = 24.6687 
where Log k  = log of rate constant from Dos programme and values in brackets are SE

This modest fit is to be expected, as there is a phase transition from 

solution to bulk liquid missing.
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13.3.2.2. Rate constant, Log i ,  against E, S, A, B, L, and S*S

Log 1.5632 -  1.21888 -  1.7188A -  0.5021L + 0.55218*8 (equation 13.2)
(0.4293) (0.5693) (0.3716) (0.0604) (0.3770)

n =50, r2= 0.6341, 8E = 0.3765, F = 19.4982 
where Log k=  Log of rate constant from Dos programme and values in brackets are SE

The A*B descriptor was rejected from the correlation as its standard error 

was many times greater than the correlation coefficient. The 8*8 descriptor was left 

in the correlation, even though its standard error was so high, to emphasize the 

effect of an additional descriptor on equation 13.1. The inclusion of the 8*8 term in 

equation 13.2 contributed to its reduced F statistic compared with equation 13.1.

There is still only a moderate correlation (R2 = 0.63) between the rate 

constant value calculated from the MLP program and the Abraham descriptors that 

describe the full phase transition (including 8*8). Both of the multiple linear 

correlations presented here (equations 13.1 &13.2) represent “weaker” correlations 

than the simple linear correlations of Log k  versus boiling point or Log k  versus 

vapour pressure.

13.3.3. Predictive capacity of the rate constant correlation equation

If we consider the distribution of each of the Abraham descriptors for the 50 

compounds whose data were used to perform the correlation, it can be seen that 

there are still areas that are inadequately represented (figures 13.3 & 13.4).

A summary of the statistics for the eight, 33-compound training sets are 

given in table 13.2, and a comparison of the predicted and observed values of Log k  

for the seventeen compound test sets are given in table 13.3. The training sets are 

numbered from 7 (K) through to 14(88) to avoid confusion with the Log Vg sets. The 

eight training sets shown in table 13.2 show variation in their coefficients and 

statistics compared to the correlation equation (equation 13.2). The main reason for 

this difference is the number of compounds (observations) used in this test. The 

most variation is shown in the A and AB coefficients. The A descriptor is a frequent 

source of difficulty, since there are only a few compounds which possess an A value.
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Figure 13.3a. Distribution of E descriptor
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Table 13.2. A summary of the training set correlations for the Log .Ar correlation.

c s a 1 ss R2 SE

17(Log B 1.4996 ■0.6260 ■1.5837 ■0.5232 0.0609 0.7251 0.3300

18(S) 1.0882 ■0.6696 ■1.6705 ■0.4573 0.3111 0.5716 0.4069

19(A) 1.4522 ■1.1192 ■1.9021 ■0.4862 0.4998 0.5760 0.3970

20(D 2.4371 ■2.0941 ■1.6915 ■0.6252 1.2848 0.7632 0.3198

21(S*S) 1.0882 ■0.6696 ■1.6705 ■0.4573 0.3111 0.5716 0.4069

Av 1.5131 -1.0357 -1.7037 -0.5098 0.4935 0.6415 0.3721

Table 13.3. Comparison of predicted and observed rate constant, Log k, values for 

the test sets.

8D AD AAD

17(Log IÙ 0.5481 0.2226 0.4316

18(8) 0.3472 -0.0021 0.2985

19(A) 0.3444 0.0288 0.3070

20(L) 0.6230 -0.2751 0.4315

21(8*8) 0.3472 -0.0021 0.2985

Av 0.4420 -0.0056 0.3534

When the alternative method of plotting experimentally observed against 

predicted values is used to assess the correlation equation, it identifies the need to 

add more compounds to fill in the gaps (figure 13.5). Closer inspection of this figure 

also suggests tha t some of the compounds may be outliers and should be removed to 

strengthen the correlation equation. Indeed, almost half the compounds included 

have logarithm rate constants between 3 and 2. The other half of the compounds 

are distributed over the much greater area between 2 and -0.6.

Residuals were also examined by plotting the experimentally obtained rate 

constant values against the residuals of the predicted values (figure 13.6). The slight 

pattern  of the data points shown in the figure indicates th a t further analysis is 

required to ensure tha t there is not substantial systematic error in the data.
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13.4. CONCLUSION

The correlation equation for rate constant, Log k, (equation 13.2) is weaker 

than the Log Vg correlation presented in chapter 12 and of weak predictive ability. A 

future priority will be to measure the release of more compounds from glass vials 

and use the MLP programme to gain more values. It is hoped that a larger data 

set, which spans the range of lvalues, will yield a better correlation and strengthen 

the correlation's predictive capacity.

In the same way, the weak correlations indicate that the Abraham 

descriptors are not the most appropriate descriptors to model the loss of compound 

from the glass vial and other “more appropriate” descriptors should be sought.

13.4.1. Calculation of release rate  for controlled release systems for pest species

Given tha t the correlation equation for rate constant is modest, it cannot be

used with confidence to calculate the release rate of compounds for a controlled 

release system. Consequently the release rates of the component compounds of the 

controlled release system for Sitona linea tus^ere  estimated from their release rates 

under controlled conditions.

13.4.2. Comparison of observed and calculated release ra tes for controlled release 

systems

The release rates of the component compounds of the Sitona lineatus bait 

were measured once under controlled, laboratory ("indoor”) conditions and three 

times under field conditions. The results for each of the treatm ents used in chapters 

15 and 16 were summarized (table 13.4). For most of the compounds there was little 

difference between the estimates of release indoor and outdoors. However, both 

alpha terpineol and methyl salicylate showed large differences. The reason alpha- 

terpineol fell into this category was probably its physical properties. It is a solid at 

room temperature and was dissolved in hot tap water before being placed in the 

vials. As a result, varying amounts were actually deployed into each vial once it re

crystallised. Methyl salicylate shows a large difierence between the outdoor and 

indoor release rates as its daily release rate values fluctuate so much.
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Figure 13.5. Com aprison of calculated and 
observed values
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Table 13.4. Total amount of compound (mg/day) released from glass vial treatm ents under indoor and outdoor conditions.

Figures on the far right describe loss per vial, whilst figures in the main table represent the total loss of th a t compound in the treatment, 

e.g. B3 treatm ent has 10 W-3 hexenyl acetate vials, hence total loss = 10 x 0.36 or 3.60mg

Component

B3
in out

B4
in out

B5
in out

Treatment

B6
in

B7
out

B8
in out

B9
in out

Release
vial

in

per

out
(^ '3  hexen-l'ol 0.99 0.84 1.32 1.12 0.99 0.84 0.99 0.84 0.99 0.84 0.99 0.84 0.99 0.84 0.33 0.28
(.^-3'hexenyl acetate 3.60 3.60 10.80 10.80 16.20 16.20 3.60 3.60 3.60 3.60 3.60 3.60 16.20 16.20 0.36 0.36
alphaterpineol 0.36 0.66 0.48 0.88 0.36 0.66 0.36 0.66 0.36 0.66 0.06 0.11
oct l en 3 ol 0.19 0.18 0.19 0.18 0.19 0.18 0.19 0.18 0.19 0.18 0.19 0.18
benzyl alcohol 0.08 0.09 0.08 0.09 0.08 0.09 0.08 0.09 0.08 0.09 0.08 0.09
2-phenylethanol 0.07 0.10 0.14 0.20 0.07 0.10 0.07 0.10 0.07 0.10 0.07 0.10
betacaryophyllene 0.06 0.07 0.12 0.14 0.06 0.07 0.06 0.07 0.06 0.07 0.06 0.07
methyl sahcylate 0.12 0.26 0.12 0.26 0.12 0.26
hexanal 0.04 0.04^ 0.04 0.04'" 0.04 0.04^ 0.04 O.Od'" 0.04 O.Od'" 3.84 3.84^
linalool 0.001 0.002 0.12 0.002 0.001 0.Ô02 0.001 0.002 0.12 0.2 0.12* 0.20*

estimated from indoor value as not detected at 1/100̂  ̂level present in the treatment 
* release rate for fuU (ten microhtre) amount of compound
in - ‘indoor”, i.e. controlled, laboratory conditions, and out = “outdoor”, i.e. field situation (mean, n=3)
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C h a p t e r  1 3  r e f e r e n c e s .

*http7/chemfinder.cambridgesoft.com/ & httpV/esc.syrres.com/interkow/ physdemo.htm.
Abraham, M.H. and Le, J. (1999). The correlation and prediction of the solubUity of 

compounds in water using an amended solvation energy relationship. Journal o f 
Pharmaceutical Sciences, 88 (9): 868-880

Giickel, W., Kâstel, R., Krohl, T., and Parg, A. (1995). Methods for determining the vapour 
pressure of active ingredients used in plant protection. Part IV. An improved 
thermogravimetric determination based on evaporation rate. Pesticide Science, 
45: 27-31

Giickel, W., Synnatschke, G., and Rittig, R. (1978). A method for determining the volatility 
of active ingredients used in plant protection. Pesticide Science, A- 137147

Krohl, R., Kastel, R., Kônig, W., Ziegler, H., Kôhle, H., and Parg, A. (1998). Methods for 
determining the vapour pressure of active ingredients used in crop protection. Part 
y: Thermogravimetry combined with soUd phase microextraction (SPME). 
Pesticide Science, 53: 300-310
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A p p e n d i x  13

Table 13.1. A comparison of the orders when the compounds were placed in order of 

descending boiling point and ascending vapour pressure.

Ascending 
Descending vapour

Ascending 
Descending vapour

Compound boiling point pressure __________Compound bt )oint presst
decyl acetate 

benzyl benzoate
13
1

13
1 1 octen 3 ol 40= 9

2 methoxy 4 allylphenol 9 7 cis jasmone 6 9

3 bromoquinohne 2 2 acetophenone 29 26
cinnamyl acetate 3 9 anis aldehyde 11 9

( )alpha Cedrene 5 9 phenylacetaldehyde 35= 25
geranyl propionate ? 9 nonan 2 one 34 27

geranyl acetate 14= 10 undecane 33 26
4 -ethylacetophenone 14= 29 hexan l ol 48 28
citronellyl propionate 9 9 trans hex 2 en l oi 47 41

longifolene 7 14 1,1,2 -tribr omoethane 38 9

alpha terpineol 22 13 (Z) 3 hexen 1 ol 9 9

2 -phenylethanol 23 16 (Z) 3 hexenyl acetate 9 9

benzothiazole 17= 5 cinnamaldéhyde 12 9

undecan 2 one 16 12
4 hydroxy 4 methylpentan 2" 

one 43 31
trans -beta- Caryophy llene 4 9 6 methylhept 5 en 2 one 40= 9

indole 8 4 octan 3 one 44 33
carvone 17= 20 1,8 cineole 39 22

n -methylformamide 31 22 myrcene 45 34
alpha copaene 10 9 decanfil 26 18

verbenone 19 9 limonene 40= 30
2 nonanol 37 15 beta pinene 46 36

citronellyl formate ? 9 benzaldehyde 38= 18
undecanal ? 9 aUyl isothiocyanate 50 37

benzyl alcohol 28 17 alpha-pinene 49 38
methyl salicylate 20 11 non-1 ene 51 39

bornyl acetate 21 24 trans-hex-2-en-l-al 52 40
nonan 1 ol 25 8 hexanal 54 42

diethyl malonate 30 23 (Z) -beta-ocimene 40= 35
alloaromadendrene ? 9 ethylcyclohexane 53 43

linalool 32 21 . 3,4 dihydro-2Hpyran 9 9

geranyl formate ? ? 
dodec 1 ene 24 19 
thujopsene ? ?

1,3 butanediol 27 6 
nepetalactone ? ? 

4 methyl 3,5 heptane dione ? ? 
6 Methylhept 5 en 2 ol 35= ?

 ̂ decyl acetate was not included on table 11.3 as no loss of compound was recorded.
value was recorded for that physical property and hence, no place may be assigned.
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C h a p t e r  1 4

T H E  V O L A T I L E  P R O F I L E  O F  U N D A M A G E D  A N D  
S I T O N A  L I N E A T U S  D A M A G E D  F I E L D  B E A N S

14.1. INTRODUCTION

A form of dynamic headspace analysis [see chapter 3] known as air 

entrainm ent was used to establish the volatile profile of undamaged and Sitona  

lineatus damaged field beans in this chapter. The air entrainm ent method used 

Tenax TA as its adsorbent, and thermal desorption to carry the trapped volatiles 

directly onto the gas chromatograph (GC).

Simple thermal desorption is the heating of the tube containing the 

adsorbent whilst carrier gas passes through in the direction opposite to adsorption. 

The reversibility of adsorption due to temperature increase is a condition that 

adsorbents m ust possess in order to be suitable for use in thermal desorption 

[chapter 8.2.1].

Thermal desorption has two main advantages over solvent elution. 

Firstly, the sample can be directly introduced into the GC, thus increasing the 

sensitivity and allowing reduced entrainment times. Secondly, there is no solvent 

peak that might otherwise mask low retention time compounds (Agelopoulos and 

Pickett, 1998). The technique is not without disadvantages; the use of the entire 

sample for the chromatographic analysis means th a t replication or the use of the 

sample for further analyses is not possible. Also, some compounds show thermal 

instability a t the temperatures required for thermal desorption (Agelopoulos e t a i, 

1999).

14.2. MATERIALS AND METHODS

14.2.1. Air en trainm ent of field beans

Vicia faba plants (variety Alfred) were sown singularly in pots of 

Rothamsted compost (Petersfield Products, Cosby) at Rothamsted. Plants were
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grown under 16 hours light, 8 hours dark conditions provided by high pressure 

sodium lamps.

Air entrainment chambers were circular, Pyrex glass vessels made from 

male and female halves that joined via a ground glass joint (1.3cm width; 7mm 

depth). The dimensions of the chamber when closed were as follows- 11.4cm high, 

internal diameter 9.2cm. The total volume of each (whole) chamber was 

approximately 620ml. Both halves (5.7cm high; 9.2cm ID) had an air inlet (8cm 

long; 3.5mm ID) and a screw thread, glass connection (2cm long; 8mm ID) attached 

to their main vessel area. The male part also possessed a slot (7mm wide) that ran 

through the ground glass connection. This slot allowed the two halves to enclose 

around the bean plant. The space around the petiole was partially sealed with 

glass wool. The two halves were secured by the aid of Bulldog clips and the 

support of a clamp stand.

These entrainments were performed using a positive/negative pressure 

(“push-pull”) in which clean air, purified by passage through a charcoal (1018 

mesh) sieve, was pumped into the chamber at a flow of 800ml/min per vessel 

(positive pressure or “push”). Air was simultaneously drawn from the chamber 

through the Tenax trap by a pump at 600ml/min (negative pressure or “pull”). By 

controlling the flow rates so that more clean air was pumped in than was drawn 

out, the risk tha t unfiltered air would be drawn into the vessel from outside was 

avoided, whilst obviating the need for an injurious tight seal around the plant 

stem.

Volatiles from the plant at the four or five node stage, vegetative stage 

(Knott, 1990) were trapped onto Tenax TA (poly 2,6-diphenyl-/7-phenylene oxide; 

Supelco; 50mg) contained in a glass tube (8cm long; 3mm ID, ATAS) between two 

plugs of silanised glass wool. Prior to use, the tubes were washed in redistilled 

diethyl ether (ether) and then conditioned at 160°C for at least 2 hours in a stream 

of nitrogen. Air entrainments were for 24 hours (from 11am to 11am) at 18 20 

degrees Celsius in a photoperiod of 16 hours light to 8 hours dark. When the 

plants had five nodes, the chamber enclosed the top four nodes for the experiment.

Tenax tubes were then thermally desorbed on a Hewlett Packard 6890 

fitted with an optic 2 model (ATAS) programmed temperature vaporisation inlet 

(PTV). The optic inlet rises from 30 to 220°C at a rate of 16°C / sec. The GC oven 

programme used has an initial temperature of 30°C for 1 minute and then rose at
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5°C/min to 150°C, where it remained for 0.1 minute. It then stepped at 10°C / min 

to 250°C. The carrier gas was hydrogen. Total run time was 55.1 minutes. This 

system was attached to a flame ionisation detector (FID).

14.2.2. Air en trainm ent of Sitona linea tus  feeding on field beans

The pea and bean weevils {Sitona lineatuêi were captured from the 

natural population on the Rothamsted farm on 20̂  ̂ September 2002. They were 

then maintained on sugar water in plastic cages outside until required. The 

afternoon before they were used, each individual was treated with a 25 microgram 

equivalent of Juvenile hormone III. After hormone treatment, the insects were 

kept at 5 degrees, in darkness with water but no food until use the next day.

Air entrainment of living plants in the presence of Sitona lineatus was 

performed as described for field beans (chapter 14.2.1) with the addition that 

approximately eighteen adult insects were present, feeding on the bean plants for 

the duration of the entrainment.

14.2.3. Authentication of the peak identity

Confirmation of the identification of the peaks from the air entrainments 

was achieved by co injection of the sample with two mixtures of standards. The co- 

injections were performed on two gas chromatography columns, firstly, a HP-1 

column and secondly, a ZB wax column.

Standard mixture one contained (.^ 3-hexenyl acetate (Ki H Pl, 987i 1301 

ZB wax), (.^-3-hexen-l ol (838; 1366), l-octen-3-ol (965; 1434), 1,8 cineole (1025; 

1192), acetophenone (1039; 1619), alpha-terpineol (1179; 1673), and beta

caryophyllene (1436; 1575). 6-methyl-5'hepten-2-one (965; 1321), limonene, (1026; 

1185) and (Z)-beta ocimene (1023; 1225) were contained in standard mixture two.

14.2.4. Checking the release ra te  of Polybag baits under laboratory conditions 

In parallel, the release rate of the components of the complex lure baits

were tested in a 0.2m/s wind tunnel a t a temperature of 20 ± 2°C. The production 

of Polybag complex baits (Polybags) was achieved as described in chapter 6.2.

Polybags were removed on twice in the first week and then at weekly 

intervals, and weighed on a five point balance (Ohaus). Weight loss was plotted 

against time and a tangent drawn on the curve to calculate the release rate in
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milligrams per day (mg/day). The release rates from these new experiments were 

compared to the original ones of Blight (unpub.) to confirm the release rates and to 

check on how the new sponges perform.

14.3. RESULTS AND DISCUSSION

14.3.1. Air entrainm ent of field beans

Two of the entrainments yielded no peaks. Two of the five twenty-four 

hour entrainments yielded only ( ^  3 hexen I ol and (.^ 3 hexenyl acetate peaks. 

The average ratio of ( ^  S hexen l ol to ( ^  3 hexenyl acetate in this entrainm ent 

was I- 2.5. A typical example of the chromatogram from an entrainm ent is shown 

in figure 14.1. In this example, small amounts of acetophenone, 2 phenylethanol 

and beta caryophyllene can also be seen.

One of the entrainments yielded 7 of the original 10 compounds found by 

Blight in the following ratios' ( ^  3 hexenyl acetate (0.88), (.^ 3 hexen I ol (0.38), I- 

octen-3 ol (2.04), 2-phenylethanol (2.62), beta caryophyllene (l), benzyl alcohol 

(0.46), and methyl salicylate (0.58). Linalool, alpha terpineol and hexanal were not 

detected. The ratio of (.^-3-hexen-I ol to (.^-3-hexenyl acetate in this entrainm ent 

was I- 2.3.

The Tenax 3 day entrainments yielded mean (n=2) amounts of (.^-3- 

h e x e n lo l  (1.63), (.0 3 hexenyl acetate (3.29), beta caryophy lie ne (I), and 2- 

phenylethanol (0.76). The mean average ratio of (0-3-hexen-I-ol to (0-3-hexenyl 

acetate in these entrainments was I: 1.8.

The Poropak 3 day entrainm ent yielded peaks for only beta caryophyllene 

(I) and ( 0  3-hexenyl acetate (0.78).

Clearly, there was variation in the quantities of volatiles obtained from 

one sampling to another. Other researchers (Buttery, Teranishi and Ling, 1987; 

Hamilton-Kemp e t a l, 1989) have also found this situation. At present, the most 

plausible explanation would be the size of the plants. Even though they were at 

the same vegetative stage, their leaf masses varied by about 10%.

Landon e t ah, 1997 report the (0-3-hexen-I ol to (0  3 hexenyl acetate 

ratio of four possible Sitona lineatushosi plants' I ' 7.25 for pea (Pisum sativum ), I ' 

1.37 for common vetch (Vicia sativa), V 0.71 for lucerne (Medicago sativa) and I* 

0.29 for white clover (Trifolium repens). Therefore, the mean ratio for broad beans

211



Chapter 14. The volatile profile of undam aged and Sitona lineatus  damaged field beans

discovered in this study (1- 1.8) falls as expected, below peas but above vetch, 

Lucerne and clover.

14.3.2. Air en trainm ent of Sitona linea tus  feeding on field beans

All five twenty (bur hour entrainments yielded W  3 bexen 1 ol (2.91), (^* 

3-bexenyl acetate (0.91), 1 octen 3 ol (1.12), 2 phenylethanol (0.98), beta

caryophyllene (l), benzyl alcohol (0.19), alpha terpineol (0.28), and linalool (0.78) 

peaks. A typical example of a chromatogram is shown in figure 14.1. The identity 

of the large peak at 9 minutes was not pursued as the compound was relatively 

volatile and had a Kovats of less than 800. Similarly, the identities of the peaks 

corresponding to Kovats of 1342 and 1359 were not pursued, as they did not fall in 

areas of interest to this study.

Methyl salicylate and hexanal were not detected in any of the 

entrainments. Benzyl alcohol was detected in only one of the five replicates. The 

ratio of (.^ 3 hexen l ol to (.0 3 hexenyl acetate in three of these entrainments was 

1: 0.25, whilst the ratio was 1- 2.17 in the other two entrainments. The decrease in 

the ratio of (0  3 hexen l-ol to (0  3 hexenyl acetate is due to the increased 

amounts of (0  3 hexen l ol in the entrainment, rather than a decrease in the 

amount of ( 0  3 hexenyl acetate.

The 3'day Poropak entrainm ent yielded (0  3"hexen l ol (4.45), (0-3- 

hexenyl acetate (2.98), l  octen 3 ol (0.8), and beta caryophyllene (l). The quantity 

of ( 0  3-hexenyl acetate in this entrainm ent was approximately three times as 

much as in the plant-only entrainment. The ratio of (0-3-hexen-l-ol to (0-3- 

hexenyl acetate in this entrainm ent was 1- 0.67.

A plant th a t is damaged is less attractive to an insect due to the 

associated negative fitness costs (reduced resources, increased likelihood of 

parasitism, presence of plant produced defence compounds, etc.), the insect would 

choose to reject this plant and continue its search. Thus, Baldwin and Preston 

(1999) remark,

“...responses that motivate herbivores to move to an adjacent, competing plant can 
turn  herb ivory into a competitive advantage.”
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Figure 14.1. Gas chromatograms of a 24 hour Tenax tube entrainment of broad bean {Vicia faba, top figure), and a broad bean in the 
presence of 20 juvenile hormone III treated Sitona lineatus (bottom figure). The Kovats indices of the major peaks are shown*.

(* Kovats on HP l column; 842 = (^-S hexen l ol, 964 = l octen 3 ol, 987 = S hexenyl acetate, 1038 = acetophenone, 1083 = 2-phenylethanol, 1342 
& 1359 = unknown, and 1429 = beta caryophyhene.)
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Zhang e t al. (1999) reported undamaged ratios of 3 hexen l oi to 3- 

hexenyl acetate of 1: 2.36 for the European birch {Betula pendula), 1- 2.48 for a 

second European birch {Betula pubescens). Tollsten and Bergstrom (1988) report 

the ratio of ( ^  3 hexen l ol to ( ^  3 hexenyl acetate in three whole plant 

entrainments of Cruciferae- 1- 1.13 for Brassica juncea, 1- 3.33 for B. campestris 

and 1: 5.53 for Sinapis alba. However, in a macerated bud sample of B. campestris, 

the ratio decreased to 1: 0.02.

Peacock, Lewis and Powers (2001) reported undamaged ratios of ( ^  3- 

hexen l oi to ( ^  3 hexenyl acetate ranging from V 0.67 to 1- 3.32 for four willow 

{Sailed varieties. The damaged ratios ranged from 1- 0.27 to 1: 2.22. In two of the 

varieties the damaged ratio decreased compared to the undamaged, in the third 

variety it remained similar and in the fourth the ratio increased.

Two groups of researchers associated with Loughrin also found a situation 

in which the ( ^  3 hexen 1 ol to (.0 3 hexenyl acetate ratio decreased after insect 

attack. Loughrin e t al. (1994) published ratios of ( ^  3 hexen 1 ol to ( ^  3 hexenyl 

acetate of L 3.07 in undamaged cotton plants and a first day damaged ratio of 1- 

2.17. Loughrin, Potter and Hamilton-Kemp, (1995) reported an undamaged 

crab apple leaf alcohol to acetate ratio of 1- 3.04, along with a 1- 2.20 ratio for fall 

webworm {Hyphantria cunea) damage and 1- 2.53 ratio for fresh Japanese beetle 

{Popillia japonica) damage.

The conclusions of both Peacock, Lewis and Powers, (2001), regarding the 

susceptibility of willow cultivars, and Loughrin e t al. (1996), on the susceptibility of 

crab apple cultivars, are consistent with the findings th a t the least preferred host 

(or most resistant plant) has a lower ( ^  3 hexen l ol to (^-3  hexenyl acetate ratio 

than the preferred (or more susceptible plant). This idea is upheld by the findings 

of Landon e t al. (1997) with Sitona lineatus host plants. Landon’s group suggested 

that the least preferred host, white clover {Trifolium repens), had a lower (^-3- 

hexen l ol to ( ^  3 hexenyl acetate ratio than the insects preferred host, pea 

{Pisum sativum).

14.3.3. Comparison to original entrainm ents of Blight

The differences between the present study and Blight’s original study can 

be explained by the two experimental techniques. The original. Blight entrainment 

used cut bunches of flowering beans. In contrast, the present study used intact
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plants th a t were a t the vegetative 4 node stage. Previous studies have shown that 

the volatile blend of excised leaves may differ profoundly from entire plants (Heath 

and Manukian, 1994; Heath e t a l, 1992; Jakobsen, 1997, and Schmelz, Alborn and 

Tumlinson, 2001). These studies suggest that volatiles should be taken from 

living, undisturbed plants since stresses, such as physical damage or temperature 

fluctuations, can cause dramatic changes in both the quality and quantity of the 

volatile emissions. In addition, entire plants are ecologically more relevant 

(Schmelz, Alborn and Tumlinson, 2001).

Agelopoulos e t al. (1999) suggested that the bouquet of artificially 

damaged plants could change significantly within a few minutes of the damage. 

Green leaf volatile profile changes could be seen within fifteen minutes after 

damage. There are reports that the volatiles released vary with vegetative state. 

The volatile profile of the plant will change as it ages (Wallbank and Wheatley, 

1976).

Secondly, the original study used Poropak as the adsorption polymer 

whereas the majority of the entrainments in the present study used Tenax. 

Compounds adsorbed onto Poropak tubes are desorbed by liquid prior to GC, 

whereas Tenax tubes are thermally desorbed directly onto the GC. Agelopoulos 

and Pickett (1998) observed no difference between these two polymers in a 

comparative study and suggested th a t each polymer bore its own advantages. The 

use of Tenax for thermal desorption may be considered as a more sensitive 

technique as the entire sample goes through the GC column. Yet, Poropak yields a 

liquid sample that is considered essential by many researchers. This liquid sample 

may be retained for replication, authentication, and/or for use in other analytical 

techniques such as gas chromatography coupled to mass spectrum (GC'MS) or GC- 

EAD.

Lastly, during the present study, the longest entrainm ent lasted 72 hours 

whereas in the original study the flowers were entrained for 7 days.

14.3.4. Release rate  of Polybag baits under laboratory conditions

The data collected in this experiment showed differences from the original 

Blight data presented in Glinwood, Blight and Smart, 1992 (see tables 14.1 and 

14.2 for comparisons).
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Table 14.1. Comparative release rates of components of the B2 Polybag 

complex baits.

Component Blight release rate Present study Difference
(mg/day) release rate (mg/day) (present

compared to
Bhght) mg

(.0 -3-hexen-lol 13 22 for 35 days -H9
o c tlen -3-ol 1.8 3.9 for 40 days +2.1

betacaryophyllene 0.6 3.9 days 3-18; +3.3
0.7 days 18 40 +0.1

alphaterpineol 3.5 3.2 for 25 days -0.3
2-phenylethanol 0.6 0.9 for 70-1- days +0.3
benzyl alcohol 0.5 0.4 for 90-1- days -0.1

hexanal 2.5 3.3 days 211; +0.8
1.2 days 1123; -1.3

0.3 for 23-1- days -2.3
W-3 hexenyl acetate 11 13 days 0 20; +2

5 days 20 40 -6
hnalool 0.5 0.8 days 0 20; +0.3

0.4 days 20 50 ■0.1
methyl sahcylate 1.0 2.4 for days 3 30 -1-1.4

Table 14.2. Comparative release rates of components of the B1 Poly

complex baits.

Component Bhght release rate Present study Difference (
(mg/day) release rate (mg/day) new

compared to
Bhght)

W-3-hexen-lol 13 22 for 35 days +9
W -Shexenlol 3.5 6.7 for 20 days +3.2

oct-l-en-3'ol 1.75 1.3 for 80-1- days -0.45
betacaryophyllene 0.55 1.3 days 11-45; +0.75

0.5 days 45 80 -0.05
alphaterpineol 3.1 1.9 days 0 25; -1.2

0.7 days 25 60 -2.4
2-phenylethanol 0.6 0.7 for 80-1- days +0.1
benzyl alcohol 0.45 0.7 for 80-1- days +0.35

hexanal 2.5 3.3 days 2-11; +0.8
1.2 days 11-23; -1.3

0.3 for 23-H days -2.3
(.^-3-hexenyl acetate 10.5 14 for 25 days +3.5

hnalool 0.55 1.0 for days 4-70 +0.45

These dissimilarities may be explained by the differences in equipment. 

Back in the early 1990’s, the sponges and the plastic used for the production of the 

Polybag baits were probably slightly different from those used now. When the 

Polybag baits were first being developed, there was no protocol for the production
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of the sponges and fluctuations in shape/size were frequent (Janine Ryan (Webb) & 

Lynda Ireland (formerly Merritt), personal communication). It was not until 

January 1996 tha t a protocol was established for the production of sponges that 

involved Soxblet extraction prior to use and all the sponges being cut to a standard 

size (Lynda Ireland, personal communication).

Additionally, the supplier of the sponge (Sainsburys) could have changed 

the micro composition of their sponge at any time without the s ta ff a t Rothamsted 

noticing because there had been no associated change in the sponge’s physical 

appearance. Studies to compare the release rate from sponges are performed when 

variation in the raw materials is noticed. The most noticeable example of this took 

place in 2000. The old supply of sponges had been 2.5mm in width but when a new 

batch was bought they were 4mm in width. This difference in size (and hence 

surface area) was investigated using three compounds, camphor, hexyl acetate and 

methyl salicylate. The table below summarises the differences found (table 14.3).

Table 14.3. A comparison of the release rate of three compounds from Polybag 

baits made with “new” and “old” stock of sponges**.

Compound “Old” (2.5mm) sponge “New” (4mm) sponge
release rate .release rate

camphor 1.97 mg/ day for 50 days 5.09 mg/ day for 22 days

hexyl acetate 15.3 mg/day for 30 days 17.8 mg/day for 20 days

methyl sahcylate 7.3 mg/day for 36 days 8.2 mg/day for 32 days

**A study carried out by Dr. Chandrasekaran and Dr. Durai Raj under the supervision of Lynda

Ireland (formerly Merritt) in August of 2000 whilst visiting Rothamsted to learn Chemical Ecology 

techniques.

Furthermore, the release rate of the Blight Polybags was measured by 

placing the baits in a fume cupboard in the laboratory. This would not have 

provided a constant temperature or wind controlled environment and fluctuations 

would be commonplace. The present study used facilities with controlled 

temperature and wind speed.
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14.4. CONCLUSIONS

The figures represented in this chapter suggest tha t the ratio of W  3" 

hexen I'ol to W  3 hexenyl acetate is 1- 2.2 (n=5) in the plant entrainm ents and 1- 

0.35 (n=4) in the plant plus insect entrainments. The notion tha t altering the ratio 

of components changes the overall host plant bouquet and, in turn, results in a 

change in the insect’s associated behaviour is an important concept. This aspect of 

host plant location will be further investigated in the field experiments described 

in chapters 15 and 16.

14.5. FUTURE WORK

Further studies would be welcomed to investigate whether there is a diel 

attraction of Sitona lineatus to bean volatiles. In particular, are their intervals 

over a twenty-four hour (day) period when the insect performs certain behaviours? 

Studies into the diel periodicity of an insect have yielded important information 

with implications for the design of traps and for the future utilisation of sex 

pheromones for monitoring the citrus fruit borer (Bento e t a l, 2001) and stink bug 

(Krupke, Brunner and Jones, 2003).
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C h a p t e r  15

F I E L D  E V A L U A T I O N  O F  G L A S S  V I A L S  A S  A 
M E D I U M  F O R  T H E  R E L E A S E  O F  

S E M I O C H E M I C A L S  O F  S I T O N A  L I N  E  A  T  U S  { h  . )  .

15.1. INTRODUCTION

Section one of this thesis was concerned with the development of a stable, 

control release system. The system developed was based on the release of 

compounds from glass vials. The release rate of a number of compounds from glass 

vials was measured under controlled, indoor conditions [chapter 11]. Amongst these 

compounds were the ten components of the Sitona lm ea tush 3.it treatment.

Section two investigates host plant selection in Sitona lineatus yiith specific 

respect to the importance of the component ratio of odours emitted by potential 

hosts. The starting points for this work were the BI and B2 Polybag treatm ents 

(Glinwood, Blight and Smart, 1992). A glass vial treatm ent comprises each of the 

component compounds being released from a number of glass vials each loaded with 

a lODl amount of the compound. All the component-vials are collected together in a 

single bundle to form one treatment. Glass vial versions of the Polybag BI and B2 

treatments were created in experiment two and compared to the Polybag treatments 

of experiment one.

Following the discovery tha t there was an clearly identifiable difference 

between the ( ^  3 hexenyl acetate to ( ^  3 hexen I ol ratio in undamaged broad bean 

plants compared to insect damaged plants [chapter 14], the attraction of Sitona 

lineatus to these specific compounds was also investigated through two glass vial 

treatments in experiment three.

15.2. THE IMPORTANCE OF THE 3 HEXEN I 0 L :(^  3 HEXENYL ACETATE 

RATIO

( ^  3 hexen I ol is a green leaf volatile, a six-carbon alcohol produced by 

oxidative degradation of plant lipids such as linoleic or linolenic acids (Visser, van 

Straten and Maarse, 1979). (^ -3 -hexen-Pol is a common component in fresh

foliage, vegetable and fruits (Hatanaka and Harada, 1973; Knudsen, Tollsten and
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Bergstrom, 1993). W  S'hexenyl acetate is also a green leaf volatile and a common 

component in many fruit aromas (Bauer and Garbe, 1985).

Both ( ^ '3 -hexenyl acetate and ( ^  3-hexen l ol have been implicated as 

possible insect attractants (Schütz e t al., 1997; Rojas, 1999; Coghlan, 2000). ( ^  3- 

hexenyl acetate has been identified as a major volatile from wheat, oats and barley 

(Buttery e t a l, 1982, 1985), sorghum (Lwande and Bentley, 1987) and cowpea 

(Lwande e t a l, 1989). ( ^  3 hexen l ol was amongst the volatiles identified in all 

these crops except cowpea.

15.3. MATERIALS AND METHODS

The cone traps and Latin square design elements of field experimentation 

are described in detail in chapter 6.3. One treatm ent was deployed per trap, along 

with synthetic aggregation pheromone, 4-methyl 3,5 heptanedione, which was 

released at 250 micrograms per day by diffusion from snap top polythene vials 

(Biddle e t a l, 1996).

15.3.1. T reatm ents 

Experiment one

Polybags were made by adding a predetermined amount of compound to a 

sponge sealed within polythene tubing (specifications'given in tables 15.1 and 15.2). 

A more detailed account will be found in chapter 6. Only one compound is released 

from each Polybag. Thus, the treatm ents comprise a number of Polybags deployed 

together in a single trap along with synthetic aggregation pheromone.

Table 15.1. Specifications of the Polybags used in the BI treatm ent used in the 

field trial, experiment one.

Compound Amount of 
compound 

apphed (ml)

Sponge
type

Gauge
polythene

Estimated
release

(mg/day)'^
(Z)-3hexen-lol 1 Thick 100 13
(Z)3-hexen-lol 0.2 Thick 250 3.5
1 octen-3ol 0.2 Thin 2000 1.75
beta caryophyUene 0.1 2̂ thin 4000 0.55
alpha terpineol 150mg Thin 750 3.1
2-phenylethanol 0.1 Thin 1250 0.6
benzyl alcohol 0.1 Thin 1500 0.45
Hexanal 0.1 % thin 5000 2.6
(Z)-3hexenyl 0.5 Thin 2500 10.5
acetate
Linalool 0.1 Thin 2500 0.55

Margaret Bhght (unpub.)
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Table 15.2. Specifications of the Polybags used in the B2 treatm ent used in the 

field trial, experiment one.

Compound Amount of 
compound 

apphed (ml)

Sponge
type

Gauge
polythene

Estimated
release

(mg/day)^
(Z)-3hexen-lol 1 Thick 100 13
I'OCtenSol 0.2 Thin 1000 1.8
beta caryophyUene 0.1 Thin 2000 0.6
alpha terpineol 150mg Thin 500 3.5
2-phenylethanol 0.1 Thin 1000 0.6
benzyl alcohol 0.1 Thin 2000 0.5
hexanal 0.1 % thin 5000 2.5
(Z)-S-hexenyl 0.5 Thin 2000 11
acetate
linalool 0.1 Thin 2000 0.5
methyl sahcylate 0.07 % thin 4000 1

 ̂Margaret Blight (unpub.)

Experiment two

Treatments B3 and B4 were developed as glass vial versions of the Polybag 

Bl and B2 treatments. However, the relative proportions of the constituent 

components are slightly different (discussed in detail in chapter 6.1.3). The numbers 

of vials, filled with a 10 pi aliquot of the compound, required to make the treatments 

are shown below (table 15.3).

Table 15.3. The number of vials of each compound required for the B3 and B4 

treatm ent baits for the present study experiment two.

Compound B3
Vials

B4
Vials

(Z) 3 hexen 1 ol 3 4
I'Octen 3 ol 1 1
Beta caryophyUene 1 2
Alpha terpineol 6 8
2 phenyl ethanol 1 2
Benzyl alcohol 1 1
Hexanal 1 (1/100*) 1 (1/100*)
(Z) 3 hexenyl acetate 10 30
Linalool 1 (1/100*) 1
Methyl sahcylate 1

1/100* = 1/100 of the amount normally used, made up in hexane to allow 50 Ol of the solution 
to have the required amount in.
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Experiment three

Treatment B8 comprised of 3 vials W  3 hexanol: 10 vials W  3 hexenyl 

acetate and B9 comprised of 3 vials W  3 hexanol: 45 vials W '3  hexenyl acetate.

15.3.2. Field experim entation details 

Experiment one

Treatments Bl and B2 were deployed in the Polybag form in a 4 x 4 Latin 

square, along with a control and pheromone only treatment. The randomisation 

designs for these experiments are shown in tables 15.4 & 15.5 (appendix 15). The 

field trial was carried out between March and 4*̂  ̂ April 2002 at Rothamsted 

Research farm, Harpenden, Hertfordshire, UK. The Latin square was duplicated 

twice and the fields used were known as White Horse II and Summerdells. The sites 

were planted with cereals after a bean crop in 2001.

Experiment two

There were two treatm ents called B3 and B4. These treatments were glass 

vial versions of the Bl and B2 treatm ents of Glinwood, Blight and Smart (1992, 

1993a, 1994). The two glass vial treatm ents were tested, along with a blank control 

and a pheromone only treatm ent in a 4 x 4 Latin square. The field trial was carried 

out between 6̂  ̂March and 4"̂  ̂April 2002 at Rothamsted Research farm, Harpenden, 

Hertfordshire, UK. The Latin square was duplicated twice and the fields used were 

known as Whitehorse II and Summerdells. The randomisation designs for these 

experiments are shown in tables 15.6 & 15.7 in appendix 15. The sites were planted 

with cereals after a bean crop in 2001.

Experiment three

This trial looked at the significance of the ratio of ( ^  3 hexanol to ( ^  3- 

hexenyl acetate through glass vial treatm ents B8 and B9. The two treatm ents plus 

a blank control and a pheromone only treatm ent were tested in a 4 x 4 Latin 

square. Randomisation patterns for these experiments are shown in tables 15.8 

and 15.9 of appendix 5. The replicate A field trial was carried out between 2^^ 

September and 13̂  ̂ September 2002. The field used was Whitehorse II and had 

been planted with a winter bean crop in 2002. The replicate B field trial was 

carried out between 2""̂  September and 16*̂  ̂ September 2002. The field used was 

Apple tree and had been planted with a winter bean crop in 2002.
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15.3.3. Insect collection and identification

Identification of the sex and the counting of trap catches of the weevils were 

performed by Lesley Sm art and Janet Martin of the Biological Chemistry Division, 

Rothamsted Research. Insects were sexed hy examination of the ventral posterior 

abdominal segments (Jackson, 1920).

15.3.4. Statistical analysis of trap  catches

Analyses of variance (ANOVA) were performed on transformed total catch 

data. The transformation was an x = logio(y+l), where x and y were transformed 

and un transformed counts, respectively. Following ANOVA, the transformed mean 

catches per treatm ent were compared using the Least Significant Difference test 

(LSD) when the F statistic for the treatm ent effect was significant at the five percent 

(P<0.05).

The catch data are shown in bar graph format in the results section, and in 

tabulated form (along with Log transformed data and significances) in the appendix. 

Back transformed mean catches have been used in preference to arithmetic means 

because they represent a more accurate picture of the results.

15.3.5. Glass vials for the quantification of loss of a compound in a field situation 

Along with the experimental treatments,*one glass vial (10 pi) of each

compound was placed into a bundle and located close to the experimental 

treatments. The vials in these bundles were sampled on a logarithmic scale of 0, 1, 

2, 4,8, 16 and 24 days in the manner detailed below.

15.3.5.1. Extraction of the glass vials

Dodecane (approximately 250mg, Aldrich 25913) was weighed and then 

transferred into a volumetric flask (500ml) with washings of redistilled diethyl ether. 

The solution was made up to the mark and stored at 20 degrees Celsius. The 

extraction solution contained lOmg dodecane/ 20ml diethyl ether.

The t  = 0 vials were extracted immediately by placing them into a wide 

necked quick fit test tube and adding 20ml of the dodecane/ diethyl ether extraction 

solution. The tubes were stoppered and PTFE tape was applied to the joint. The 

tubes were left at room temperature to extract for 24 hours. After this time, an 

aliquot was removed and diluted 5 times with redistilled hexane before gas 

chromatography (GC).
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15.3.5.2. GC

Samples were analysed on a Hewlett Packard 6890 GC fitted with a 50m x 

0.32mm ID, 0.52pm film thickness HP 1 (100% dimethyl polysiloxanei Hewlett 

Packard) column. A cold on column injection system was utilised. The GC program 

used had an initial temperature of 30°C for 1 minute and then rose at 5°C/min to 

150°C, where it remained for 0.1 minute. It then rose at 10°C / min to 250°C. The 

carrier gas was hydrogen. Total run time was 58.1 minutes. This system was 

attached to a flame ionisation detector (FID).

15.3.5.3. Conversion of GC data  into ra te  constant

The concentration of the GC peak (i.e. the amount of compound left in the 

vial) was converted to percentage remaining. This was achieved by expressing the 

amount left in the vial as a percentage of the initial weight loaded into the vial. The 

data were put into the maximum likelihood programme (MLP; Ross, 1987) to 

calculate the rate constant, k, for the loss of compound. In addition, percentage 

remaining values were transformed into total loss of compound per day per vial 

using equation 15.1.

percentage remaining
1 -

100
X  Weight of compound in viol (Equation 15.1.)

JJ

15.3.5.4. Quantification bundle details for each experim ent 

Experiment one

Since this treatm ent comprises Polybags, quantification of loss through the 

extraction of glass vials is not appropriate.

Experiment two

Along with the experimental treatments, one glass vial of each compound 

was placed into a bundle and located a t the Summerdells site to enable a check on 

the release of components in a field environment.

Experiment three

The set of vials used for quantification of this experiment was the same set 

used to quantify loss during experiment four, replicate C [chapter 16] as the 

experiments were in the field at the same time. However, day zero for experiment 

three (2/9/02) was day 5 for the quantification bundle.
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15.4. RESULTS AND DISCUSSION

15.4.1. Quantification of loss

As expected compound loss was usually greater under the field conditions 

than it had been under the controlled laboratory environment.

Experiment two

The results for experiment two are tabulated below (table 15.10). Simple 

multiplication of the total loss values by the number of vials in the treatm ent gives 

an estimate of the total amount of each compound lost in the treatm ent (tables 

I5 .I Ia  and I5.IIb).
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Table 15.10. Cumulative loss per vial (in milligrams) for experiment two, as calculated from the raw data of vials for quantification of 

loss on days 1, 2, 4, 8, 16 and 24. The values for days 5, 13, 16, 19, 20, 22 and 27 were calculated from the MLP equations for the loss of each 

compound from a glass vial (see chapter 5).

SampUng day and Date
Compound 1

6/3/2
2

7/3/2
4

9/3/2
5

11/3/2
8

14/3/2
13

19/3/2
16

22/3/2
19

25/3/2
20

26/3/2
22

28/3/2
24

30/3/2
27

2/4/2
29

4/4/2
(.^-3-hexenyl acetate 0.74 1.23 2.19 2.58 3.69 5.13 5.64 6.35 6.50 6.79 6.93 7.38 7.57

(.^-3-hexenol 0.34 0.68 1.29 1.60 2.45 3.56 4.20 4.66 4.82 5.12 5.45 5.77 5.99
1 octen-3 ol 0.24 0.35 0.54 0.65 0.95 1.43 1.69 1.96 2.04 2.21 2.34 2.60 2.75

2-phenylethanol 0.00 0.08 0.27 0.36 0.63 1.05 1.29 1.53 1.61 1.77 1.92 2.14 2.29
betacaryophyllene 0.00 0.00 0.08 0.13 0.27 0.51 0.65 0.79 0.83 0.92 1.01 1.14 1.23

benzyl alcohol 0.03 0.12 0.29 0.38 0.63 1.04 1.28 1.50 1.58 1.72 1.88 2.08 2.22
methyl sahcylate 0.00 0.06 0.38 0.53 1.00 1.70 2.11 2.50 2.62 2.87 3.14 3.46 3.69
alphaterpineol 0.005 0.17 0.48 0.65 1.09 1.81 2.23 2.59 2.71 2.94 3.22 3.49 3.70

hexanal* 0.054 0.068 0.073 0.073 » 0.073
hnalool* 0.000 0.002 0.005 0.007 0.012 0.019 0.023 0.027 0.028 0.030 0.033 0.037 0.039

* =1/100 of the weight of the “normal” 10 microlitre weight of the compound made in solution, so that 50 microlitres gives the correct weight.
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Table 15.11. Total amount of compound lost per treatm ent (mg) during experiments one and two on each sampling day.

Table 15.11a. Total loss in B3 treatm ent (mg) (loss per vial x vials in treatment)
Day

Compound 1 2 4 5 8 13 16 19 20 22 24 27 29
(.^-3 hexenyl acetate 7.40 12.30 21.90 25.80 36.90 51.30 56.40 63.50 65.00 67.90 69.30 73.80 75.70

(.^*3-hexenol 1.02 2.04 3.87 4.80 7.35 10.68 12.60 13.98 14.46 15.36 16.35 17.31 17.97
l-octen'3 ol 0.24 0.35 0.54 0.65 0.95 1.43 1.69 1.96 2.04 2.21 2.34 2.60 2.75

2-phenylethanol 0.00 0.08 0.27 0.36 0.63 1.05 1.29 1.53 1.61 1.77 1.92 2.14 2.29
beta-caryophyUene 0.00 0.00 0.08 0.13 0.27 0.51 0.65 0.79 0.83 0.92 1.01 1.14 1.23

benzyl alcohol 0.03 0.12 0.29 0.38 0.63 1.04 1.28 1.50 1.58 1.72 1.88 2.08 2.22
alpha-terpineol 0.030 1.02 2.88 3.90 6.54 10.86 13.38 15.54 16.26 17.64 19.32 20.94 22.20

hexanal 0.054 0.068 0.073 0.073 0.073
linalool 0.000 0.002 0.005 0,007 0.012 0.019 0.023 0.027 0.028 0.030 0.033 0.037 0.039

Table 15.11b. Total loss in B4 treatm ent (mg) (loss per vial x vials in treatment)
Day

Compound 1 2 4 5 8 13 16 19 20 22 24 27 29
(.^•3-hexenyl acetate 22.20 36.90 65.70 77.40 110.70 153.90 169.20 190.50 195.00 203.70 207.90 221.40 227.10

(.^■3-hexenol 1.36 2.72 5.16 6.40 9.80 14.24 16.80 18.64 19.28 20.48 21.80 23.08 23.96
l-octen'3-ol 0.24 0.35 0.54 0.65 0.95 1.43 1.69 1.96 2.04 2.21 2.34 2.60 2.75

2-phenylethanol 0.00 0.16 0.54 0.72 1.26 2.10 2.58 3.06 3.22 3.54 3.84 4.28 4.58
beta-caryophyllene 0.00 0.00 0.16 0.26 0.54 1.02 1.30 1.58 1.66 1.84 2.02 2.28 2.46

benzyl alcohol 0.03 0.12 0.29 0.38 0.63 1.04 1.28 1.50 1.58 1.72 1.88 2.08 2.22
alpha-terpineol 0.040 1.36 3.84 5.20 8.72 14.48 17.84 20.72 21.68 23.52 25.76 27.92 29.60

methyl salicylate 0.00 0.06 0.38 0.53 1.00 1.70 2.11 2.50 2.62 2.87 3.14 3.46 3.69
hexanal 0.054 0.068 0.073 0.073 0.073
linalool 0.0 0.16 0.44 0.57 0.97 1.58 1.93 2.25 2.36 2.57 2.77 3.00 3.24
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Tables’ 15.11a and 15.11b were then normalised with respect to key 

compounds in the treatments. When the normalisation procedure was with respect 

to the beta-caryophyllene release as 1, a clear difference between the two treatments 

could be seen. Unfortunately, these sorts of tables did not provide any assistance in 

explaining why the treatm ents elicit such different biological responses.

However, when the ratio of W-3 hexen l ol to (^-3-hexenyl acetate was 

considered, there was an unmistakable difference between the “attractive” B3 

treatm ent with its mean 1*5 ratio and the “less attractive” B4 treatm ent that 

possessed a 1*11 ratio of these two chemicals.

Experiment three

The loss per vial data for experiment three are shown below (table 15.12). 

The accumulative amount of each compound released was higher than for 

experiments one or two on any given experimental day. Experiment three took place 

in September whilst experiments one and two took place in March/April. The mean 

and maximum temperatures for September were approximately 7 degrees higher 

than in March [see chapter 15.4.2.]. Thus, the rate of evaporation is likely to be 

greater for experiment three than for experiments one or two.

The ratio of ( ^  3 hexen l ol to ( ^  3 hexenyl acetate in the “attractive” B8 

treatm ent ranges from 1* 3.28 on day 4 to 1- 3.48 on day 14, whilst the ratio in the 

“less attractive” B9 treatm ent is always bigger, ranging from V 14.76 to 1* 15.68 

(using figures from table 15.13).
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Table 15.12. Calculated cumulative release rate (mg) per vial for each of (.^-S-hexen-l-ol and (.^-3-hexenyl acetate under experiment four field 

conditions.

Note: The extraction day is different to the experiment day since experiment three started five days later than experiment 4 0  (corresponding to the day when the vials were 

placed in the field). Consequently, every experimental day’s data, except day 11, were calculated from the MLP equation fits for the loss of these compounds.

Compound
4 5 6 7

Day
8 9 10 11 14 Experiment day

9 10 11 12 13 14 15 16 19 Extraction day

(Z)-B-hexenol 7.40 7.63 7.81 7.95 8.07 8.16 8.23 8.28 8.39
(.^-3-hexenyl acetate 7.28 7.58 7.83 8.04 8.21 8.35 8.47 8.57 8.77
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Table 15.13. Total amount of compound lost per treatm ent (mg) during experiment three on each sampling day.

Treatment B8 was 3 vials W'3'hexanol: 10 vials (^-3-hexenyl acetate whilst B9 was 3 vials W'3-hexanol: 45 vials W '3'hexenyl acetate.

Table 15.18a. Total loss (mg) in 
Compound

4 5

B8 treatment (loss per vial x no.
Experimental day 

6 7 8

of vials in 

9

treatment)

10 11 14

(.0 S hexenol 
(.^-3-hexenyl acetate

22.20
72.8

22.89
75.8

23.43
78.3

23.85
80.4

24.21
82.1

24.48
83.5

24.69
84.7

24.84
85.7

25.17
87.7

Table 15.13b. Total loss (mg) in 
Compound

4 5

B9 treatment (loss per vial x no.
Experimental day 

.6  7 8

of vials in treatment)

9 10 11 14

(.^3'hexenol 
(.^ 3-hexenyl acetate

22.20
327.6

22.89
341.10

23.43
352.35

23.85
361.8

24.21
369.45

24.48
375.75

24.69
381.15

24.84
385.65

25.17
394.65
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15.4.2. W eather

March started and finished dry. There were ten days of rain giving a total 

of 49.3mm. On the 18'' ,̂ 11.3mm of rain fell. There was a total of 98.4 hours of 

sunshine for March, which is slightly lower than the yearly March average. Both 

the March mean maximum (11.28 °C) and mean minimum (3.44 °C) temperatures 

were above the yearly average for March. There were four air frosts and thirteen 

ground frosts.

The month of September had only five days of rain. The total rainfall was 

25.6mm, which is 35.4mm below the yearly average for September. The heaviest 

rain fell on the 9‘̂ , when 23mm fell with especially heavy showers between 13 00 and 

14:15 hours. There was a total of 163.7 hours of sunshine for September, which was 

well above the yearly average for September. The September mean maximum 

temperature (18.58°C) and the mean minimum (10.00°C) temperature were half a 

degree above the yearly average for September. The 13*"̂  was the hottest day, when 

it reached 22.8°C.

15.4.3. Trap catches

Glinwood, Blight and Sm art (1993b) reported that 4-methyl 3,5" 

heptanedione baited cone traps were unattractive to other Sitona species. In fact, 

more than  98% of the insects trapped in their study were Sitona lineatus. Hence, the 

aggregation baited cone trap was a highly specific trap for Sitona lineatus. In 

addition, it was easy to distinguish Sitona lineatus from other insects tha t were 

caught in the cone traps. Cone traps have the advantage over other methods of 

trapping, such as sticky traps where insects are stuck in the glue and can be difficult 

to identify (Nielsen and Jensen, 1992). Cone type traps are part of the monitoring 

system as they caught significantly more (P<0.001, LSD test) Sitona lineatus ihsin 

sticky delta and box traps (Glinwood, Blight and Smart, 1993a, 1993b) and are also 

more practical to use.

Experiment one

A grand total of 1440 Sitona lineatus were trapped during the replicate A 

field trial with a sex ratio of males to females of V 0.58. The first Latin square 

caught 1121 insects, whilst the second square caught 319. A grand total of 386 

Sitona lineatus were trapped during the replicate B field trial with a sex ratio of
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males to females of 1: 0.70. The first Latin square caught 202 insects, whilst the 

second square caught 184. Back transformed numbers of insects caught per trap per 

replicate were statistically significant for experiment one baits when compared to 

the blank and pheromone treatm ents (figures 15.1, table 15.14 in appendix).

The present studies trap catches show that the Polybag system is a 

reproducible controlled release system. Catches also show that it is possible to 

create treatm ents th a t are either more attractive (Bl) or less attractive (B2) to 

Sitona lineatus than the pheromone treatm ent alone during the spring migratory 

phase of the insect.
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Figure 15.1. Backtransformed mean numbers of insect per trap
per experim ent one replicate. For significances consult table 15.14, appendix.
POLYBAGS, where A is White Horse site and B is Summerdells site.

Period i is 6 25 March 2002 & Period ii is 25 March -4 April 2002.

Key: rn = males, f -- fem ales & tot = total insects
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Experiment two

A grand total of 1444 Sitona lineatus were trapped during the replicate A 

field trial with a sex ratio of males to females of 1: 0.65. The first Latin square 

caught 988 insects, whilst the second square caught 456. A grand total of 537 Sitona  

lineatus were trapped during the replicate B field trial with a sex ratio of males to 

females of V 0.74. The first Latin square caught 328 insects, whilst the second 

square caught 214. Back transformed numbers of insects caught per trap per 

replicate were statistically significant for experiment two baits when compared to 

the blank and pheromone treatm ents (figures 15.2, table 15.15 in appendix). 

However, the glass vial system took more days to become active than the Polybag 

(experiment one) system.

This is very encouraging and particularly exciting considering th a t the 

amounts released in the glass vials is an order of magnitude lower than the amount 

released by the Polybag complex bait system. In the same respect, it reinforces the 

importance of the ratio of the compounds in the treatm ent since the lower amounts 

of compound released from glass vials has elicited a similar response to the original 

Polybag study and its associated higher amounts released (Glinwood, Blight and 

Smart, 1993a, 1994).

Comparing the figures contained within tables 15.14 & 15.15 shows there 

was a clear difference between the two field sites. Site A (Whitehorse) consistently 

caught more insects than site B (Summerdells). The simplest explanation is tha t 

there was a larger Sitona population at the Whitehorse site or that the traps on the 

Whitehorse site were more “biologically obvious”. The climatic conditions, such as 

airflow or temperature, allowed the movement of the volatile plumes of treatm ents to 

reach the local Sitona  population at th a t site more readily than did the conditions at 

the Summerdells site.
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Figure 15.2. B acktransform ed m ean num bers of insect per trap
per experim ent two replicate. For significances consult table 15.15, appendix.
GLASS VIALS, where A is White Horse site and B is Summerdells site.
Period i is 6 25 March 2002 & Period ii is 25 March 4 April 2002.
Key: m = males, f = females & tot = total insects
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Experiment three

The simplistic nature of the B8 and B9 treatments, that is the fact that 

they only contain W  3 hexen Toi, W  S hexenyl acetate and the pheromone, allows 

the experiment to search for the key ratio th a t alters the attractiveness of the bait 

to the insects. This task may be further aided by the September timing of the 

experiment since the population would comprise new generation adults who would 

only be looking to feed and conserve body reserves for the over wintering process. 

Since these insects are sexually immature, they would not be producing the 

aggregation pheromone but they would possess the ability to respond to it.

A grand total of 615 Sitona lineatus were trapped during the replicate A 

field trial with a sex ratio of males to females of V 1.45. The first Latin square 

caught 234 insects, whilst the second square caught 381. A grand total of 498 

Sitona lineatus were trapped during the replicate B field trial with a sex ratio of 

males to females of T 1.20. The first Latin square caught 215 insects, whilst the 

second square caught 283.

The B9 treatments, with their higher W"3 hexen Toi to W  3 hexenyl 

acetate ratio, caught fewer insects than the B8 treatm ents at all times (figure 15.3, 

table 15.16 in appendix). This result is consistent with the findings of the B3 and 

B4 treatm ents of chapter eight, even with their additional compounds.

The B9 treatm ent catch was usually below the level caught by the 

pheromone only treatm ent (table 15.7). The B8 treatm ent shows enhanced trap 

catch compared to the pheromone alone in the second phase (Latin square) of the 

experiment, from 6*̂  ̂ to the 13̂  ̂ September 2002 (male and total trap catches 

significant at P<0.001, females p=0.002). When the A & B Latin square 

experimental data were analysed together, P<0.001 in all cases.
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Figure 15.3a. Replicate A.
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Figure 15.3b. Replicate B.
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Figure 15.3c. Combined analysis of Replicates A & B
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Figure 15.3. Backtransformed mean numbers of insect per trap 
per experiment three replicate. For significances consult table 15.16, appendix. 
GLASS VIALS, where A is White horse II & Period Ai is 2 6, Aii 6 1 3  September and B is 
Appletree site: Bi is 2 20, Bii is 1016 September 2002.
Key: m = males, f = females & tot = total insects
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General discussion

The trap catch data suggest that the glass vial treatm ents require a short 

lag phase before they reach their most attractive states. The need for a lag phase 

is commonplace amongst the various dispenser types. For example, Beevor e t al. 

(1999) reported a lag of 3 4 days was needed to obtain a relatively uniform release 

rate for polyethylene vials.

The sex ratio of trap catches is also very interesting. Experiments one 

and two were conducted on the early spring migratory population, when over 

wintered adults begin to migrate into the crop. The trap catches suggest that 

males outnumbered females a t that time of year or th a t the treatm ents were more 

attractive to males than to females. In both experiments, the second Latin square 

saw an increase in the number of females caught compared to the first Latin 

square. This was most apparent in experiment two, replicate B where the first 

Latin square had a catch sex ratio of 1*0.6 (males: females), whilst the second 

square had a ratio L1.02.

Experiment three was conducted in late summer and the traps would have 

caught new generation adults prior to their autum n dispersion to over wintering 

sites. Trap catches suggested a population with larger numbers of females than 

males or the concept tha t experiment three treatm ents were more attractive to 

females than males. Again, the second Latin square caught more females than the 

first square although the ratio increases were not so dramatic.

Trap A (B8 treatment) in replicate A, period ii was vandalised by children 

over night. The trap had been checked late in the day but was found in the 

hedgerow the following morning. There was only one more re randomisation left to 

finish the Latin square. This is a hazard of fieldwork on estates, like Rothamsted, 

th a t have public rights of way throughout. Fortunately, it is rare and traps are 

more likely to be damaged by rabbits or deer.

One common limiting factor with fieldwork is the labour required to 

prepare, deploy, (frequently) check, re randomise and collect trap catches. At the 

height of the season, traps were being re randomised twice a day, which meant the 

traps required checking a minimum of three times a day. The interpretation of the 

data is then complicated by climatic variables like amount of sunshine or 

temperature. Total emission of fragrance from Trifolium repens L. flowers was 

58% higher at 20°C than at 10°C (Jakobsen and Olsen, 1994). Firmer conclusions
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could be drawn if additional probes for light and temperature were incorporated 

into each trap. Although this approach would increase the labour requirements 

further, much of the analysis could be performed after the experiment.

Published work has shown th a t wind speed in the microenvironment 

around each trap can have a large affect on the numbers of individuals trapped on 

a given day. Furthermore, this variation probably extends to additional affects 

caused by the alteration of the pheromone plume. A recent study with boll weevils 

suggested that five traps placed in a line at either a 15 or 20m spacing suffered 

significant effects of relative trap placement on days when the wind struck the 

traps a t an angle (>22.5°) away from the perpendicular (Sappington, 2002). The 

furthest upwind trap captured a significantly higher percentage (P<0.0001) of 

weevils than any other trap in a line of five at 20m spacing. Sappington suggested 

tha t traps should be placed at least 30m apart in future, as a precaution to avoid 

such biases until this situation can be further investigated.

At present, there is not sufficient space to place all the treatments in the 

Latin square out in the field at once, even if there were enough manpower to prepare 

and deploy treatm ents then check, re randomise and collect trap catches. If this 30m 

spacing suggestion is endorsed then it would further reduce the amount of 

experiments tha t could be conducted at the Rothamsted facility. However, since 

conventional boll weevil traps are deployed on Im poles, the situation is different 

from the ground deployed Sitona lineatus traps. Previous studies with Sitona have 

shown th a t catches in ground-situated traps were significantly higher (P<0.001, LSD 

test) than catches in traps at Im (Glinwood, Blight and Smart, 1993b).

15.5. CONCLUSIONS

Initially, this work was m eant to represent a duplication of the Bl and B2 

Blight treatm ents with the glass vial system. At the time, I thought that is what I 

had achieved. However, some basic errors in the calculations leading to the 

component proportion for (.^ 3 hexen l ol and ( ^  3-hexenyl acetate were noticed at 

a later stage (i.e. B l (.^-3-hexen- l-ol proportion was 30, whilst the B3 proportion was 

16.5; table 6.2). This meant that the original treatm ents were not comparable to the 

new, glass vial ones. Hence, the glass vial treatm ents were renamed B3 and B4.

The finding tha t the ratio of (.0 3 hexen l ol to (.^ 3 hexenyl acetate was 

approximately 1- 11 in the “less attractive” B4 treatm ent and L 5 in the “attractive”
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B3 treatm ent is extremely interesting. This observation is further supported by the 

T 15 ratio in the “less attractive” B9 treatm ent and the 1' 3 ratio in the “attractive” 

B8 treatment. Hence, there is a clear difference between the ratio of W  3 hexen 1 ol 

to W  3 hexenyl acetate in “attractive” and “less attractive treatm ents”. EAG studies 

support this phenomenon, with 40% of cells recording able to detect the pheromone, 

W '3  hexen l ol and W  3 hexenyl acetate (Lester Wadhams, personal 

communication).

However, it m ust be remembered tha t there are more fundamental 

differences between the two treatments, B3 and B4. Not least of all, firstly, th a t B4 

contains methyl salicylate whilst B3 does not and secondly, B4 contains one hundred 

times greater an amount of linalool than B3. This aspect of the study will be 

addressed in chapter 16.

15.5.1. Modification of experim ent using LSER

Any of the compounds investigated in chapter 11 could be incorporated into 

an insect monitoring bait, such as the Sitona lineatus one described in chapters 15 

and 16, and the compound’s release rate would be known in relation to the other 

components. Further compounds could also be added to the bait and their release 

rates estimated using the correlation equation established in chapter 13. However, 

in this second case, the release rates would be less reliable for the reasons cited in 

chapter 13.

15.6. FUTURE WORK

The results of this initial study suggest th a t further fieldwork is required to 

investigate what factor is having the greatest affect on the treatment. Whether the 

key to the treatm ents activity is the ratio of 3 hexenyl acetate to 3 hexen l ol 

cannot be conclusively deduced from this data. A future study should be more 

rigorously planned to ensure a design in which only one feature is changed between 

the treatments. This shortfall is addressed by the additional treatm ents tested in 

the next chapter, chapter 16.

15.6.1. Exchange of compounds in the controlled release system using the 

correlation equation established in chapter 13

If the correlation equation presented in chapter 13 were more reliable, the 

release rate of additional compounds could be estimated quickly from this equation,
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negating the need for lengthy release rate studies. The correlation equation would 

also provide a starting point for the inclusion of any additional compound into a 

controlled release system, like those presented in this chapter and chapter 16.
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A p p e n d i x  7

Table 15.4. The randomisation pattern for experiment one (Polybag complex baits) 

on the Whitehorse II site between 6̂  ̂March and 4̂  ̂April 2002. Where treatment A = 

Bl +W2, B= B2 + W2 , C= blank and D= W2. (W2 is the aggregation pheromone 4-methyI-3,5- 
heptanedione).

Randomisation

1

Trap position 

2 3 4

Date

A D C A B 6/3/02 25/3/02

B B A C D 11/3/02 26/3/02

C C D B A 19/3/02 28/3/02

D A B D C 22/3/02 2/4-4/4

Table 15.5. The randomisation pattern for experiment one (Polybags) on the 

Summerdells site between 6̂  ̂March and 4̂  ̂April 2002. Where treatment A = Bl +W2, 

B= B2 + W2 , C= blank and D= W2. (W2 is the aggregation pheromone 4-methyI-3,5- 
heptanedione).

Randomisation Trap position Date

1 2 3 4

A D A C B 6/3/02 25/3/02

B A D B C 11/3/02 26/3/02

C C B D A 19/3/02 28/3/02

D B C A D 22/3/02 2/4-4/4
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Table 15.6. The randomisation pattern for experiment two (glass vials) on the 

Whitehorse II site between 6̂"" March and 4̂  ̂April 2002. Where treatment A = B3 +W2, 

B4 + W2 , C= blank and D= W2. (W2 is the aggregation pheromone 4-methyI-3,5*
heptanedione).

Randomisation Trap position Date

1 2 3 4

A B C D A 6/3/02 25/3/02

B C B A D 11/3/02 26/3/02

C A D C B 19/3/02 28/3/02

D D A B C 22/3/02 2/4-4/4

Table 15.7. The randomisation pattern for experiment two (glass vials) on 

Summerdells site between 6*"̂  March and 4̂  ̂April 2002. Where treatment A = B3 h 

B= B4 + W2 , C= blank and D= W2. (W2 is the aggregation pheromone 4 methyl 
heptanedione).

Randomisation Trap position Date

1 2 3 4

A B D C A 6/3/02 25/3/02

B C A B D 11/3/02 26/3/02

C D B A C 19/3/02 28/3/02

D A C D B 22/3/02 2/4-4/4
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Table 15.8. The randomisation pattern for experiment three (glass vials) on the 

Whitehorse II site between 2"̂  ̂September and 13̂  ̂September 2002. Where treatment 

A = B8 +W2, B= B9 + W2 , C= blank ,and D= W2. (W2 is the aggregation pheromone 4- 
methyl-3,5-heptanedione).

Randomisation Trap position Date

1 2 3 4

A A C D B 2/9/02 6/9/02

B D B A C 3/9/02 10/9/02

C B D C A 4/9/02 11/9/02

D C A B D 5/9/02 12-13/9/02

Note- on 12/9/02 trap A was vandalised, the lure was removed. Experiment was continu 
with 8 remaining treatments.

Table 15.9. The randomisation pattern for experiment three (glass vials) on 

Appletree site between 2"  ̂September and lÔ '̂  September 2002. Where treatment 

B8 +W2, B= B9 + W2 , C= blank ,and D= W2. (W2 is the aggregation pheromone 4-methyl*I 
heptanedione).

Randomisation Trap position Date

1 2 3 4

A B D C A 2/9/02 10/9/02

B C A B D 4/9/02 11/9/02

C D B A C 5/9/02 12/9/02

D A C D B 6/9/02 13-16/9/02
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Table 15.14. Significances of experiment one (Polybag baited) trap catch data. The 

top line presents Log transformed data, whilst bracketed numbers are back 

transformed data. Within each Log transformed data row, means followed by 

different lower case letters are significantly different.

B1 + W2
Treatment 

B2 + W2 Blank W2
t= 2.447 for 6df

Isd p value
lAiM 2.090a 0.920bc 0.226c 1.460ab 0.773 0.005

(122.15) (7.32) (0.68) (27.82)
lAiF 1.743a 0.820bc 0.445c 1.350ab 0.6193 0.009

(54.282) (5.606) (1.783) (21.363)
lAiT 2.258a 1.129bc 0.54c 1.700ab 0.7299 0.006

(180.07) (12.47) (2.46) (49.16)
lAiiM 1.162a 0.151b 0.000b 1.359a 0.429 <0.001

(13.52) (0.41) (0.00) (21.84)
lAiiF 1.294a 0.195b 0.075b 1.126a 0.5342 <0.001

(18.696) (0.565) (0.189) (12.356)
1AÜT 1.525a 0.301b 0.075b 1.552a 0.5295 <0.001

(32.48) (1.00) (0.19) (34.68)
IBiM 0.892a 0.938a 0.075b 1.091a 0.2516 <0.001

(6.80) (7.68) (0.19) (11.32)
IBiF 0.751b 0.782ab 0.195c 0.962a 0.1938 <0.001

(4.635) (5.055) (0.565) (8.153)
IBiT 1.095a 1.145a 0.226b 1.308a 0.3098 <0.001

(11.44) (12.96) (0.68) (19.35)
1BÜM 1.007a 0.270b 0.349b 1.164a 0.3915 0.003

(9.17) (0.86) (1.24) (13.59)
IBiiF 0.790a 0.389b 0.325b 0.977a 0.3678 0.013

(5.160) (1.449) (1.115) (8.490)
1BÜT 1.193a 0.564b 0.508b 1.377a 0.3724 0.003

(14.60) (2.66) (2.22) (22.80)

Abbreviations- W2 is the aggregation pheromone 4-methyl-3,5-heptanedione ,M= males,

F=females, T=total, t= t test value, Isd = least squares difference, and p= p value at 95%

confident interval.
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Table 15.15. Significances of the experiment two (glass vial baited) trap catch data. 

The top line presents Log transformed data, whilst bracketed numbers are back 

transformed data. Within each Log transformed data row, means followed by 

different lower case letters are significantly different.

B1 + W2
Treatment 

B2 + W2 Blank W2
t= 2.447 for 6df 

Isd p value
2AiM 1.765a 1.765a 0.455c 1.094b 0.5498 0.003

(57.20) (57.20) (1.78) (11.41)
2AiF 1.510a 1.604a 0.205c 0.891b 0.4591 0.001

(31.34) (39.17) (0.78) (6.78)
2AiT 1.954a 1.995a 0.561c 1.278b 0.4967 0.001

(89.01) (97.91) (2.64) (17.97)
2AÜM 1.475a 1.291ab 0.075c 0.850b 0.4554 0.001

(28.85) (18.54) (0.19) (6.09)
2AÜF 1.366a 1.150ab 0.369c 0.850bc 0.4865 0.011

(22.24) (13.11) (1.34) (6.09)
2AÜT 1.719a 1.521ab 0.401c 1.131b 0.4402 0.001

(51.33) (32.21) (1.51) (12.53)
2BiM 1.408a 1.078b 0.287c 0.937b 0.2792 <0.001

(24.6) (10.98) (0.93) (7.65)
2BiF 1.130a 0.659b 0.175c 0.999a 0.3355 0.002

(12.5) (3.56) (0.50) (8.99)
2BiT 1.587a 1.195b 0.336c 1.254ab 0.3435 <0.001

(37.65) (14.68) (1.17) (16.96)
2BÜM 1.110a 0564b 0.000c 0.915a 0.2924 <0.001

(11.87) (2.66) (0.00) (7.23)
2BÜF 1.152a 0.707c 0.195d 0.893b 0.1784 <0.001

(13.20) (4.09) (0.57) (6.82)
2BÜT 1.421a 0.889c 0195d 1.179b 0.2041 <0.001

(25.38) (6.75) (0.57) (14.12)

Abbreviations: Wg is the aggregation pheromone 4-methyl-3,5'heptanedione, M= males,

F=females, T=total, t= t test value, Isd = least squares difference, and p= p value at 95%

confident interval.
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Table 15.16. Significances of the experiment three (glass vial) trap catch data. The 

top line presents Log transformed data, whilst bracketed numbers are back 

transformed data. Within each Log transformed data row, means followed by 

different lower case letters are significantly different.

B8 +W2
Treatment 

B9 + W2 Blank W2
t= 2.447 for 6df

Isd p value
3AiM 0.909a 0.870a 0.401b 0943a 0.3206 0.018

(7.11) (6.42) (1.52) (7.78)
3A1F 1.093a 0.644b 0.612b 1.151a 0.4206 0.036

(11.39) (3.41) (3.09) (13.15)
3AÎT 1.298a 1.042ab 0.765b 1.350a 0.3296 0.016

(18.84) (10.03) (4.83) (21.41)
3AÜM 1.272a 1.208a 0.226b 1.141a 0.5016^ 0.012

(17.70) (15.16) (0.68) (12.84)
3AÜF 1.657a 1.304b 0.489c 1.261ab 0.3376^ 0.003

(44.4) (19.13) (2.08) (17.23)
3AÜT 1.808a 1.558a 0.599b 1.493a 0.3745* 0.003

(63.28) (35.13) (2.98) (30.12)
3BiM 1.075a 0.800a 0.119b 0.880a 0.3367 0.002

(10.89) (5.31) (0.32) (6.58)
3BiF 1.118a 0.767bc 0.489c 0.941ab 0.322 0.015

(12.13) (4.85) (2.08) (7.74)
3BiT 1.381a 1.047a 0.525b 1.189a 0.3445 0.004

(23.07) (10.15) (2.35) (14.46)
3BÜM 1.215a 0.884b 0.119c 0.940b 0.1933 <0.001

(15.39) (6.65) (0.32) (7.71)
3BÜF 1.264a 0.896a 0.239b 1.101a 0.3771 0.002

(17.37) (6.87) (0.73) (11.63)
3BÜT 1.530a 1.175b 0.294c 1.315ab 0.3193 <0.001

(32.89) (13.95) (0.97) (19.64)

Abbreviations : W2 is the aggregation pheromone 4-methyl-3,5 heptanedione M= males,
F=females, T=total, t= t test value, Isd = least squares difference, and p= p value at 95%

confident interval.
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C h a p t e r  16

F I E L D  E V A L U A T I O N  O F  F U R T H E R  T R E A T M E N T S  
F O R  T H E  M A N I P U L A T I O N  O F  S I T O N A  L I N E A T U S

( L . )

16.1. INTRODUCTION

There were too many factors changed between the B3 and B4 treatm ents 

of chapter 15. This makes any direct comparison about the impact of a chemical on 

the treatm ents’ effectiveness extremely difficult. It was therefore felt necessary to 

undertake a field trial with additional treatm ents where only one factor was 

changed in a new treatm ent compared to the B3 treatment. After these additional 

trials, it would be easier to say definitively if any particular chemical or chemical 

ratio was having an effect on the trap catches.

This work seeks to expand our knowledge and understanding of host plant 

selection by the pea and bean weevil, Sitona lineatus. It might have implications 

for the future control of this pest species. The ability to manipulate the insects’ 

behavioural response to the aggregation pheromone is of particular importance in 

the context of controlling the movement of the weevil in the field. The study could 

identify repellent treatm ents (or ratios of compounds) th a t could be used to protect 

the crop.

16.1.1. Modification of B3 treatm ent used in chapter 15

The new treatment, B5, had increased 3 hexenyl acetate to (.0 3- 

hexenol ratio in order to investigate the hypothesis th a t this ratio is the most 

important factor in the treatm ent controlling the insect’s behaviour. The 

significance of this ratio had been reinforced by the decreased trap catches seen 

using the B4 and B9 treatm ents (chapter 15).

The B6 treatm ent contained an additional compound- methyl salicylate. 

Methyl salicylate is widely distributed as a plant component. It is a volatile 

metabolite of salicylic acid, a well-known phenolic allelopathic agent (Balke, Davis 

and Lee, 1987) and methyl salicylate is also documented as being associated with 

secondary metabolite-based defence strategies in plants (Ward e t a l, 199L Hardie 

e t a l, 1994). As such, one might expect methyl salicylate to repell Sitona lineatus 

(Glinwood, Blight and Smart, 1994). Methyl salicylate has been shown to

252



Chapter 16. Field evaluation of further treatm ents for the m anipulation of Sitona lineatus

eliminate the attraction of hop aphids to other plant volatiles (Campbell e t al.,

1993) and some cereal aphids are even repelled by the compound (Pettersson e t a l,

1994). Smart, Blight and Ryan (1995) suggested tha t there was a threshold level of 

this compound at which pollen beetles {Meligethes spp) respond.

Methyl salicylate elicits an antennal response in Sitona (Woodcock, 

unpub.). In addition, Glinwood, Blight and Smart, (1994) attributed a limited 

effect on trap catches of Sitona lineatus to methyl salicylate in the autumn 

generation. The autum n population of newly emerged weevils seek to acquire 

reserves to sustain them during the over wintering period. Thus, Glinwood, Blight 

and Sm art argue th a t these weevils may be “less selective” in their response to 

plant volatiles. This could explain why the weevils show no attraction to the same 

treatm ent in the spring (Glinwood, Blight and Smart, 1994).

Treatment B7 contained a full linalool vial instead of the 1/100*"̂  amount 

used normally. The terpene linalool is a common constituent of floral scent and its 

synthesis has often been shown to be part of a defence response in maize, soybean, 

and possibly in the stigma of Clarkia concinna (Dudareva and Fichersky, 2000).

The antenna of the seed weevil {Ceutorhynchus assim ilié can perceive 

linalool in the volatiles emitted from oil seed rape (Blight e t a l, 1995). Traps 

baited with a high release rate of linalool caught statistically more pollen beetles 

{M eligethes aeneus) than unbaited traps (Smart and Blight, 2000). Moreover, 

linalool is perceived by the antenna of Sitona lineatus and has been shown to 

synergise the effects of the insect’s aggregation pheromone (Blight e t al., 1984).

Treatments B6 & B7 can be used to draw conclusions about the influence 

of single compounds on the treatments effectiveness. Earlier attempts to clarify 

this situation had proved disappointing. Even though linalool had been shown to 

enhance trap catches (Blight and Wadhams, 1987), the removal of it from a B1 

Polybag treatm ent had not affected the ability of the bait to enhance pheromone 

activity (Glinwood, Blight and Smart, 1994). The same past work had assigned 

only limited significance to the methyl salicylate component of the bait.

16.1.2. Modification of field work hypothesis

There is no major change to the hypothesis presented in chapter 8 . 

Rather, this chapter seeks to reinforce the evidence in agreement with Visser’s 

second hypothesis relating to host location and the composition of the plant odour
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blend (Visser 1986). Viz. host location involves the detection of ubiquitous 

compounds and it is the ratios of key components that are required for specificity.

Experiment four is therefore a logical extension of chapter 15, allowing 

different ( ^ '3  hexen 1 ol to ( ^  3 hexenyl acetate ratios to be placed in the same 

background of components, whilst simultaneously allowing any other differences 

between the attractive and unattractive treatm ents to be exposed.

16.2. MATERIALS AND METHODS

The cone traps and Latin square design elements of field experimentation 

are described in detail in chapter 6.3.

16.2.1. Treatm ents 

Experiment four
The numbers of vials, filled with a 10 pi aliquot of the compound, required 

to make each of the treatments are shown below (tables 16.1 and 16.2).

One glass vial treatm ent was deployed per trap, along with synthetic 

aggregation pheromone, 4 methyl 3,5 heptanedione, which was released at 250 

micro grams per day by diffusion from snap top polythene vials (Biddle e t a l, 1996).

Table 16.1. The number of vials of each compound required for the B3 and B5 

treatm ent baits for the present study experiment four*.

B3 B5
No of No of

Compound vials Total release Proportion 
(mg/day)

vials Total release Proporti 
(mg/day)

(.^-S'hexen • 1-ol 3 0.99 16.5 3 0.99 16.5
(.^'3-hexenyl acetate 10 3.6 60 45 16.2 270

alpha terpineol 6 0.36 6 6 0.36 6
oct 1 en-3 ol 1 0.19 3.17 1 0.19 3.17

Benzyl alcohol 1 0.08 1.33 1 0.08 1.33
2-phenylethanol 1 0.07 1.17 1 0.07 1.17

Beta-caryophyUene 1 0.06 1 1 0.06 1
methyl salicylate

Hexanal 1/100 0.038 0.63 1/100 0.038 0.63
Linalool 1/100 0.0012 0.02 1/100 0.0012 0.02

*Total release values are based on the release rate of vials kept under 20 °C & 0.2m/s 
conditions indoors. Proportions are expressed relative to beta-caryophyUene as 1 -  see text 
for full explanation.
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Table 16.2. The number of vials of each compound required for the B6 and B7 

treatm ent baits for the present study experiment four*.

Compound
No of 
vials

B6

Total release Proportion 

(mg/day)

No of 
vials

B7

Total release Proportion 

(mg/day)

W - S h e x e n l o l 3 0.99 16.5 3 0.99 16.5
(.^•3-hexenyl acetate 10 3.6 60 10 3.6 60

alphaterpineol 6 0.36 6 6 0.36 6
oct l  en 3 ol 1 0.19 3.17 1 0.19 3.17

Benzyl alcohol 1 0.08 1.33 1 0.08 1.33
2-phenylethanol 1 0.07 1.17 1 0.07 1.17

Beta-caryophyUene 1 0.06 1 1 0.06 1
methyl salicylate 1 0.12 2

Hexanal 1/100 0.038 0.63 1/100 0.038 0.63

Linalool 1/100 0.0012 0.02 1 0.12 2

*Total release values are based on the release rate of vials kept under 20 ®C & 0.2m/s 
conditions indoors. Proportions are expressed relative to beta caryophyllene as 1 -  see text 
for full explanation.

16.2.2. Field experim entation details 

Replicates 4A & 4B

The field trial was carried out between 30*̂  ̂July and 20*̂  ̂August 2002 at 

Rothamsted Research farm, Harpenden, Hertfordshire, UK. The field used was 

called White Horse II and had been planted with a bean crop in 2002. This 

included treatm ents B3, B5, B6 , B7, pheromone and blank control in a 6 x 6 Latin 

square. The experiment was duphcated twice, one square was coded 4A and the 

other was 4B. Randomisation patterns for these experiments are shown in tables 

16.3 and 16.4 of appendix 16.

Replicate 4C

A second trial was carried out between 28̂  ̂ August and 23̂ *̂  September 

2002. The field used was Apple tree and had been planted with a spring bean crop 

in 2002. This trial was an extension of 4A and 4B since replicate 4A contained a 

“leaky” trap, a trap from which insects had been seen escaping. The randomisation 

pattern  for these experiments is shown in tables 16.5 of appendix 16.

255



Chapter 16. Field evaluation of further treatm ents for the m anipulation of Sitona lineatus

16.2.3. Insect collection and identification

Identification of the sex and the counting of trap catches of the weevils 

were performed by Lesley Sm art and Janet Martin of the Biological Chemistry 

Division, Rothamsted Research. Insects were sexed by examination of the ventral 

posterior abdominal segments (Jackson, 1920).

16.2.4. S tatistical analysis of trap  catches

Analyses of variance (ANOVA) were performed on transformed total catch 

data. The transformation was an x = logio(y+l), where x and y were transformed 

and untransformed counts, respectively. Following ANOVA, the transformed mean 

catches per treatm ent were compared using the Least Significant Difference test 

(LSD) when the F statistic for the treatm ent effect was significant at the five 

percent (P<0.05).

The catch data are shown in bar graph format in the results section, and 

in tabulated form (along with Log transformed data and significances) in the 

appendix. Backtransformed mean catches have been used in preference to 

arithmetic means because they represent a more accurate picture of the results.

16.2.5. Glass vials for the quantification of loss of a compound in a field situation 

Replicates 4A & 4B

An additional bundle containing one vial of each compound was made. 

These bundles were extracted to quantify the loss of compound on days 0, 1, 2, 4, 8 , 

16 and 24. These vial bundles were located along the woodland border of White 

Horse II, a suitable distance away from the treatm ents so to avoid “contamination”. 

Replicate 4C

An additional bundle containing one vial of each compound was made. 

These bundles were extracted to quantify the loss of compound on days 0, 1, 2, 4, 8 , 

16 and 24. These vial bundles were located along the Manor side woodland border 

of Apple tree, a suitable distance away from the treatm ents so to avoid 

“contamination”.

Extraction and quantification of each vial’s contents was performed as 

described in chapter 15.3.5. Briefly, the vials contents were extracted overnight in 

solvent containing internal standard on days 0, 1, 2 , 4, 8 , 16 and 24. Gas 

chromatography (GC) was used to calculate the amount of compound that 

remained in each vial (percentage remaining value). The percentage remaining
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values for each compound were feed into the MLP program (described in full in 

chapter 11). The program yielded an equation that described the rate of loss of 

compound from the glass vial under field conditions.

16.3. RESULTS AND DISCUSSION

16.3.1. Quantification of loss of compound from vials

As in chapter 15, the quantification of loss of compounds from Chromacol 

vials was monitored. The results of these two sets of vials differed from one 

another but were both higher than the set recorded in the field trials of chapter 15. 

In particular, the release rate per day of 2-phenylethanol, benzyl alcohol and 

alpha terpineol during experiment 40 was approximately half th a t during the 

experiments 4A & 4B (table 16.6).

Table 16.6. A comparison of the raw data for total cumulative release rate (mg) per 

vial of each of the component compounds of the Sitona lineatus bait under field 

conditions.

Compound
1 2

Time (days) 
4 .8 16 24

Experiment 4A & 4B 
l octen 3 ol 0.00 0.00 0.82 2.58 7.97 8.51

2 phenylethanol 0.00 0.00 0.81 1.28 1.41 8.45
alphaterpineol 0.52 0.94 1.02 1.26 2.22 2.96
benzyl alcohol 0.00 0.00 0.20 1.47 4.30 5.66

betacaryophyllene 0.00 0.22 0.86 0.95 1.43 4.78
C^-3-hexenol 3.72 4.16 5.70 8.49 8.49 8.49

(^-3-hexenyl acetate 1.24 2.12 4.62 9.05 9.05 9.05
linalool (full) 0.62 0.91 1.28 1.76 3.50 4.29

methyl sahcylate 0.11 0.52 1.14 1.19 4.07 6.58

Experiment 40 
Tocten 3 ol 0.32 0.57 0.82 2.82 4.61 5.97

2 phenylethanol 0.92 1.22 1.47 1.53 2.62 3.39
alphaterpineol 0.00 0.00 0.42 0.51 0.85 1.39
benzyl alcohol 0.00 0.00 0.51 1.19 1.40 2.32

beta caryophyllene 0.00 0.50 0.63 0.92 1.47 1.78
3 hexenol 0.61 2.52 4.39 8.43 8.49 8.49

C^-3-hexenyl acetate 1.33 2.01 3.74 7.89 9.05 9.05
hnalool (full) 0.00 0.46 1.34 2.37 3.32 4.67

methyl sahcylate 0.50 1.70 1.72 2.62 4.60 5.00
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A great deal of the difference in the two sets of re extracted vials shown in 

table 16.6 can be explained by the weather conditions detailed below [chapter 

16.3.2]. In brief, August (4A & 4B vials) experienced higher average temperatures 

tha t would have resulted in higher release rates.

An error which was not spotted for a considerable time was that both the 

hexanal and the linalool vials containing 1/100*̂̂  of normal amount of compound 

actually released almost all their loading within the first day or so. This resulted 

in no detectable GC peak for these compounds throughout much of the field trial, 

even though I could smell the compounds in the vials themselves. This was born 

out when the amount lost figures were examined in detail. That is, 77ng of the 

82.75ng of hexanal loaded would be lost in the first two days if the loss followed the 

profile set by the release of a “normal” 10 pi loaded vial.

16.3.2. W eather

The month of August started wet. Rainfall was about average with 

52.3mm. Most of this fell in the first eleven days of the month; the remaining 20 

days only had four days of rain. The most rain fell on the 7̂ ,̂ when there was 

17.2mm in 24 hours. There was a total of 155.7 hours of sunshine, which was 

below the yearly August average of 196.8 hours. The mean maximum temperature 

(21.62°C) was about average, whilst the minimum (13.21°C) was nearly two 

degrees above the yearly average for August. The hottest day was the 15*̂ ,̂ when it 

reached 27.7°C. Towards the end of the month, the days were often cloudy.

16.3.3. Trap catches 

Experiment 4A

Back transformed numbers of insects caught per trap per rephcate were 

statistically significant for experiment four, rephcate 4A baits when compared to 

the blank and pheromone treatm ents (figures 16.1, table 16.7 in appendix).

A grand total of 2603 Sitona lineatus were trapped during the 4A field 

trial with a sex ratio of males to females of 1- 1.12. The first Latin square caught 

880 insects, whilst the second caught 1723. A total of 102 insects were captured by 

all the treatm ents whilst in the first randomisation position (5*7*̂  ̂ August). The 

total number of insects then declined before it reached a steady figure of over 200 

insects per trap change interval on 12̂  ̂ August. A peak in the population was
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recorded in the trap interval 17'18*"̂  August, when a total of 463 Sitona were 

captured.

On this occasion a particularly high percentage of insects (41% of the 

total) were counted in the B5 treatm ent trap. This finding would be in direct 

opposition to the general conclusion made in chapter 7, tha t treatm ents with a 

3'hexen l'o l to (^'S 'hexenyl acetate ratio tha t favours the acetate (e.g. 1:11 as in 

B4 or i: 15 as in the B9 treatment) tend to be “less attractive” than the pheromone 

only treatm ent. In fact, the B5 treatm ent caught more insects than the “attractive” 

B3 treatm ent on five trap change intervals between the 9*̂  ̂ and August. 

Indeed, its attractiveness appeared to increase as the experiment progressed until 

the trap catches fell away two re randomisations before the completion of the 

experiment.

There are a few explanations for the B5 treatm ent catches; firstly it may 

be an aberrant result. Repeating the field trial again would help decide whether 

this was the case. Secondly, the release rate of the bait components might have 

changed over time. This would have been caused primarily by localised weather 

conditions in the field.

The B6 treatm ent with its additional methyl salicylate caught fewer 

insects than the pheromone treatm ent every trap change interval with the 

exception of the 17 18̂  ̂August. There was a problem with the B6 trap in period I. 

More specifically, a gap appeared between the woven stainless steel, mess cloth 

and the clear, circular collecting unit of the boll weevil trap. These two pieces of 

the trap normally form a one-way entrance system with no exit. This gap meant 

th a t attracted insects could escape and did not get trapped indefinitely in the 

collecting unit.

The B7 treatm ent with its full linalool content caught consistently more 

insects than did the pheromone alone after the 14̂  ̂August.

The blank trap caught a maximum of 7% of the total insects caught per 

trap change interval on all occasions except the second randomisation position (7* 

8th August). This anomaly occurred shortly after deployment of the treatm ent and 

thus in the lag period before the bait treatm ents are active.
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Experiment 4B

Back transformed numbers of insects caught per trap per replicate were 

statistically significant for experiment four, replicate 4B baits when compared to 

the blank and pheromone treatm ents (figures 16.1, table 16.7 in appendix).

A grand total of 4720 Sitona lineatus were trapped during this field trial 

with a sex ratio of males to females of 1- 1.16. The first Latin square caught 1491 

insects, whilst the second square caught 3229. A total of 105 insects were captured 

by all the treatm ents whilst in the first randomisation position (30*̂  ̂ July 5̂  ̂

August). This period was longer than in replicate 4A since the traps were re sited 

due to poor trap catches. The general profile of trap catches followed replicate 4A.

Total trap catches reached a steady figure of over 388 insects per trap 

change interval on 12̂  ̂ August, almost twice the number of insects caught in 

replicate 4A even though both replicates were located on the same field at the same 

time. There was a statistically significant difference (P<0.001) between the 

duplicates 4A and 4B for trap catches.

A peak in the population was recorded in the trap interval 17-18"̂  ̂August, 

when a total of 776 Sitona were captured. Hence, there was also a statistically 

significant site difference (P<0.001, table 16.2). Since this figure was also greater 

than the replicate 4A figure, the difference is best attributed to differences in the 

local population of the insect or the idea that the 4B traps were more “biologically 

obvious” [see 15.4.3, experiment two].

The B3 treatm ent in replicate 4B appeared to be just a little less 

“attractive” than the pheromone only treatm ent during the majority of trap change 

intervals. This situation is more in concurrence with the findings of chapter 7 than 

the replicate 4A.

From the trap change interval 7 '8^̂  August, the B7 (full linalool) 

treatm ent caught a minimum of one and a half times more insects than the 

pheromone only treatm ent. This is consistent with previous work th a t suggested 

tha t the more linalool, the more attractive the treatm ent was to the insects. 

Experiment 4C

A grand total of 806 Sitona lineatus were trapped during this field trial 

with a sex ratio of males to females of 1' 1.28. The first Latin square caught 502 

insects, whilst the second square caught 304. This is approximately one third of 

the replicate 4A catch and one sixth of the replicate 4B catch. However, there is a
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fundamental difference between this experiment and the 4A & B replicates, the 

population trapped in 4C are likely to be the new generation adults. Since the field 

trial extended into September, the population may have began its autumn 

dispersion to over wintering sites.

Unlike the other two replicates (4A & 4B), total trap catches were fairly 

constant with levels of at least 80 insects from the beginning of the field trial (28̂  ̂

August) until the 12*̂  ̂ September. There were two exceptions, the 2-4*-̂  September 

when the catch dipped to 66 and the 4-6’̂  ̂ September when it increased to 102, 

which would seemingly cancel out one another. After the 12*"̂  September, total 

trap catches declined to a mean total of 40 insects per trap change interval.

The B5 treatm ent remained inactive throughout the experiment, 

consistently catching less than the blank trap. This is more consistent with the 

findings of chapter seven, tha t treatments with a W  3'hexen l ol to W  3 hexenyl 

acetate ratio that favours the acetate tend to be “less attractive” than the 

pheromone only treatment.

Back transformed numbers of insects caught per trap per replicate were 

statistically significant for experiment four, replicate C baits when compared to the 

blank and pheromone treatm ents (figures 16.1, table 16.7 in appendix).
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Replicate 4A
70

60

50

40

30

20

10

Ai m A if Ai tot Aii m A iif Aii tot

White Horse II lower end 4Ai 5-15/8, 4Aii 15-20/8 P<0.001 for both, 
(problems witb trap for B6 in4Ai)

Replicate 4B
120 

100 

a  80

2 60

40

20

0
Bi m Bi f Bi tot Bii m Bii f Bii tot

White Horsell top end 4Bi 30/714/8, iBii 1419/8, P<0.001 for both

□  BLANK
■  B3+W2
□  B54-W2
■  B6+W2
■  B7+W2
□  W2

□  BI^NK
■  B34-W2
□  B5-tW2
■  B6+W2 
0B74-W2
□  W2

Replicate 4C

Ci m Ci f Ci tot Cii m Cii f Cii tot

Appletree 4Ci 28/811/9 P<O.OOL 4Cii 11-23/9 P<0.001

□  BLANK
■  B3+W2
□  B5+W2
■  B6+W2
■  B7+W2
□  W2

Figure 16.1. Back transformed m ean number of insects caught per trap per 

replicate for experim ent four. For significances consult table 16.7, appendix. 
Key: m = male, f  -  fem lale & tot = total insects
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Effect of linalool

As indicated earlier [see chapter 16.3.1], the treatm ents containing 1/100*̂  ̂

of the normal linalool loading would have been virtually depleted after only a few 

days in the field. Treatm ent B7 contained a full linalool vial and showed enhanced 

trapping compared to the pheromone alone.

Alternative explanations were suggested in past work (Glinwood, Blight 

and Smart, 1994). The researchers suggested tha t the compound might not be 

essential for the attraction of the weevil to the host crop. On the other hand, it 

could be possible tha t compounds with similar chemical structures or functions can 

“stand in” for one another in the treatm ent bait.

Effect of methvl salicvlate

Treatment B6 with its additional methyl salicylate decreased the trap 

catch to approximately one third of the pheromone level in replicate 4A. Yet, it is 

difficult to make a statem ent about methyl salicylate after this study as it inclusion 

made little difference in the other replicates. This inconclusive situation has 

occurred before (Glinwood, Blight and Smart, 1994). However, this is the nature of 

fieldwork and a definitive statem ent about the effect of methyl salicylate will be 

possible only after further experimentation.

Combined analvsis

When 4A, B & C were analysed together, there was a significant site 

difference (p<0.00l). After considering a few different combined analyses of these 

experiments and finding there was always a significant site difference, it was 

decided that these experiments were best considered as separate experiments and 

not be used in combined analyses.

Svnergism

Synergism of trap catches is not always shown in the “attractive” 

treatments. However, it can generally be seem in the first run through of the Latin 

square but not in the second.

Previous fieldwork investigating the response of the Sitona lineatus 

weevil to host plant volatiles suggested that there is no minimal response to plant 

volatiles on their own (Glinwood, Blight and Smart, 1992). Thus the attraction of 

the insect to the treatm ents bouquet seems pertinent only in the presence of the 

aggregation pheromone.
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Sex ratio

Trap catches suggested a population with larger numbers of females than 

males or the concept that experiment four treatm ents were more attractive to 

females than males. Alternatively, it is an indication tha t females were emerging 

earlier than males. The 4A and 4B replicates were in the field at the same time and 

gave similar ratios (1-1.12 and 1-1.16 males- females respectively). The 4C 

replicate, which was deployed a month later, had a higher ratio of 1-1.28. The 

replicate 4C ratio was more consistent with the ratios of experiment 3, possibly 

since all these treatm ents were sampling the same late summer population.

Bashir e t al., 2001 reported tha t male Rhyzopertha dominica are more 

strongly attracted to host odours than females. The researchers suggest that males 

are adapted to seek out new hosts whilst the females are more likely to locate their 

food by following the male produced pheromone signals, such as aggregation 

pheromone. Groot e t al. (1999) investigated the sex related perception of volatiles 

using 63 insect and plant volatiles. The group wrote,

“...sexual differences in response suggested tha t males are more sensitive to insect- 
produced pheromone type compounds, whereas females are more sensitive to plant 
compounds for their orientation towards oviposition sites.”

These types of findings lead to the “sexual rendezvous hypothesis” 

(Colwell, 1985), the theory that narrow host range is important in sexual selection 

and mate finding. That is, this behaviour has specific benefits associated in that 

mate finding on a narrow range of hosts will be easier than on a broad range. 

Colwell acknowledges that this is not a new phenomenon and it has been used in 

different guises by a variety of researchers to describe the relationship between 

habitat preference and mate finding.

16.4. CONCLUSION

On consideration of all the field trial data presented in this chapter, there 

is a trend in support of Visser’s 1986 hypothesis th a t ratios are a key component in 

host plant location.

16.5. FUTURE WORK

The work should be repeated again on the dispersive autumn population 

and in addition, on the migratory spring population to see if the behaviour of the 

two populations towards these treatm ents varies.
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A p p e n d i x  16

Table 16.3. Randomisation pattern for the field trial of experiment four, replicate 

A (glass vials) on the Whitehorse II site between 30̂  ̂ July and 20 August 2002. 

Where treatment A = B3 +Ws, B= B5 + Wg , C= blank , D= B6+W2 , E = B7 +W2, and F= W2. 
(W2 is the aggregation pheromone 4 methyl 3,5 heptanedione).

Randomisation Trap position Date
1 2 3 4 5 6

a E A C D F B 30/7/02
5/8/02*

15/8/02

b D C B F E A 7/8/02 15/8/02
c F B A E D C 8/8/02 16/8/0
d B D F A C E 9/8/02 17/8/02
e A F E C B D 12/8/02 18/8/02
f C E D B A F 14/8/02 19/8-

20/8/02

* = Originally placed at top edge of field by woods but didn’t catch many 
insects. Moved to the road edge beyond 02/C/3B and start randomisation pattern 
again on 5/8/02.

Table 16.4. Randomisation pattern for the field trial of experiment four, replicate 

B (glass vials) on the Whitehorse II site between 30̂  ̂ July and lO'̂  ̂August 2002. 

Where treatment A = B3 +W2, B= B5 + W2 , C= blank , D= B6+W2 , E = B7 +W2, and F= W2. 
(W2 is the aggregation pheromone 4 methyl-3,5 heptanedione).

Randomisation Trap position Date
1 2 3 4 5 6

a A E B C D F 30/7/02 14/8/02
b F A D E C B 5/8/02 15/8/02
c E C F D B A 7/8/02 15/8/0
d B F C A E D 8/8/02 16/8/02
e D B E F A C 9/8/02 17/8/02
f C D A B F E 12/8/02 18/8-

19/8/02
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Table 16.5. Randomisation pattern for the field trial of experiment four, replicate 

C (glass vials) on the Appletree site between 28̂  ̂August and 23’’'̂  September 2002. 

Where treatment A = B3 +W2, B5 + W2 , C= blank , D= B6+W2 , E = B7 +W2, and F= W2. 
(W2 is the aggregation pheromone 4 methyl-3,S heptanedione).

Randomisation Trap position Date
1 2 3 4 5 6

a B C D A E F 28/8/02 11/9/02
b D E C F A B 30/8/02 12/9/02
c F D B E C A 2/9/02 13/9/02
d E F A D B C 4/9/02 16/9/02
e A B F C D E 6/9/02 18/9/02
f C A E B F D 10/9/02 20-

23/9/02
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Table 16.7. Significances of experiment four trap catch data. The top line presents Log transformed data, whilst bracketed numbers are back 
transformed data. Within each Log transformed data row, means followed by different lower case letters are significantly different.

B3 + W2
Treatment 

B5 + W2 Blank B6 + W2 B7 + W2 W2
t= 2.06 for 20df

Isd p value
4AiM 1.135a 0.834b 0.447c 0.508c 1.060ab 1.33a 0.2996 <0.001

(12.65) (5.82) (1.80) (2.22) (10.49) (20.36)
4AiF 1.153ab 0.960b 0.691c 0.606c 1.159ab 1.278a 0.2637 <0.001

(13.23) (8.12) (3.91) (3.04) (13.43) (17.95)
4AiT 1.437ab 1.175b 0.824c 0.809c 1.393ab 1.597a 0.2666 <0.001

(26.38) (13.96) (5.67) (5.44) (23.73) (38.55)
4AÜM 1.32 lab 1.485a 0.719c 1.258b 1.500a 1.495a 0.1834 <0.001

(19.95) (29.52) (4.24) (17.12) (30.60) (30.27)
4AiiF 1.396ab 1.504a 0.820c 1.269b 1.547a 1.438a 0.225 <0.001

(23.90) (30.92) (5.61) (17.57) (34.23) (26.39)
4AiiT 1.655ab 1.793a 1.034c 1.654b 1.827a 1.762a 0.188 <0.001

(44.14) (61.07) (9.82) (35.63) (66.18) (36.77)
4BiM 1.316ab 0.911c 0.604d 1.246ab 1.386a 1.153b 0.1963 <0.001

(19.69) (7.15) (3.02) (16.60) (23.32) (13.21)
4BiF 1.383a 1.000b 0.664c 1.352a 1.530a 1.394a 0.1867 <0.001

(23.15) (9.01) (3.62) (21.51) (32.90) (27.78)
4BiT 1.650a 1.246b 0.863c 1.597a 1.759a 1.585a 0.188 <0.001

(43.64) (16.6) (6.30) (38.56) (56.42) (37.49)
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Table 16.7 continued.

Trap t= 2.086 for 20df
B3 +W2 B5 +W2 Blank B6 +W2 B7 + W2 W2 Isd p value

4BÜM 1.615bc 1.562c 0.748d 1.703ab 1.791a 1.655bc 0.13 <0.001
(40.240 (75.44) (4.60) (49.48) (60.78) (44.20)

4BÜF 1.710a 1.672a 0.925b 1.730a 1.777a 1.682a 0.15 <0.001
(50.30) (46.04) (77.41) (52.74) (38.79) (47.09)

4BÜT 1.962b 1.923b 1.127c 2.015ab 2.082a 1.972ab 0.1143 <0.001
(90.54) (82.74) (12.40) (102.48) (119.77) (92.86)

4C1M 0.667b 0.626b 0.209c 0.925a 0.995a 1.011a 0.2512 <0.001
(3.65) (3.22) (0.62) (7.42) (8.88) (9.26)

4C1F 0.862ab 0.771b 0439c 0.947a 1.084a 1.069a 0.2424 <0.001
(6.27) (4.90) (1.75) (7.84) (11.13) (10.72)

4CiT 1.041bc 0.992c 0.547d 1.222ab 1.327a 1.321a 0.2251 <0.001
(9.98) (8.83) (2.53) (15.68) (20.24) (19.96)

4CÜM 0.531b 0.662ab 0.130c 0*559ab 0.787a 0.804a 0.2251 <0.001
(2.40) (3.59) (0.35) (2.62) (5.12) (5.37)

4CÜF 0.522b 0.892a 0.100c 0.734a 0.773a 0.667ab 0.2338 <0.001
(2.32) (6.80) (0.26) (4.42) (4.92) (3.65)

4CÜT 0.772b 1.064a 0.209c 0.917ab 1.066a 0.992ab 0.2207 <0.001
(4.92) (10.59) (0.62) (7.26) (10.64) (8.82)

Abbreviations: M= males, F=females, T=total, t= t-test value, Isd = least squares difference, and p= p value at 95% confident interval.
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C h a p t e r  1 7  

C O N C L U D I N G  R E M A R K S

17.1. CONCLUSIONS

The work presented in the preceding chapters accomplishes all four of the 

principal objectives as stated in chapter 8. However, the degree of success in 

achieving each of these points is varied and it may be best to consider each in turn.

• To investigate host plant selection in Sitona lineatus, with respect to the 

importance of the ratio of host plant odours.

Sitona lineatus insects were significantly attracted to modified boll weevil 

traps baited with glass vials containing W  3 hexen 1 ol, W  3 hexenyl acetate, 1- 

octen 3 ol, 2-phenylethanol, betacaryophyllene, benzyl alcohol, a lphate  rpineol, 

hexanal, linalool plus the aggregation pheromone, 4 methyl 3,5 heptanedione 

compared to traps containing the aggregation pheromone alone. Sitona lineatus 

were not significantly attracted to the nine component bait mixture, a mimic of the 

host plant (bean) volatiles, in the absence of the aggregation pheromone. Other 

minor modifications of the bait mixture, such as the addition of methyl salicylate as 

in treatm ent B6, were also tested but found not to decrease the attractiveness of 

the mixture.

This study suggests that the ratio of ( ^  3 hexanol to (^-3-hexenyl acetate 

may be of particular importance in the context of host plant selection, since, even 

in the presence of other compounds in a bait scenario, a 1- 5 (.^ 3 hexanol to ( ^  3- 

hexenyl acetate ratio (as in the B3 treatment) synergises the activity of the insect’s 

aggregation pheromone, whilst a ( ^  3 hexanol to ( ^  3 hexenyl acetate ratio of 1- 

10 (as in the B4 treatment) reduces trap catches compared to the pheromone.

The concept of ( ^  3 hexanol to ( ^  3 hexenyl acetate ratio was further 

investigated using the treatm ents B5 (1* 16) and in the B8 and B9 treatments 

which contained only these two compounds. As expected, B5 with its increased 

3-hexanol to (.0 3 hexenyl acetate ratio yielded lower trap catches than the 

pheromone only treatments.
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• To measure the release rate of a number of compounds from glass vials.

The simplicity of the approach used in this study, that is only one 

compound released per vial and the amount in the vial regulated, may have been 

both an advantage and a disadvantage. The advantage is that a simple compound 

in a predetermined amount in the vial avoids the complex chemical interactions 

th a t would occur if additional compounds were present in the same vial. The 

disadvantage is that large numbers of vials were required for some treatments, 

especially B5. This m eant the treatm ent bundle scarcely fitted into the modified 

boll weevil traps.

• To develop a stable controlled release system for the release of 

semiochemicals.

Initially a polymeric matrix composed of PVC was considered as the 

release system for the semiochemicals of aphids [chapter 10]. On reflection, the 

external influences on the system added to the problems of interpreting the data 

collected. Therefore, a simpler matrix was sought and the glass vial system was 

chosen.

The results of a physico-chemical properties study were exploited to 

develop a stable release medium for the semiochemicals of the model insect Sitona 

lineatus. In particular, the Abraham general solvation equation was used to model 

the transfer properties involved in the evaporation of a compound from a glass vial.

• To develop a correlation equation to predict release rate from the Abraham 

Solvation Equation descriptors.

Log k -  1.5632 - 1.21885 - 1.7188A - 0.5021L + 0.55215*5

The above correlation equation established in chapter 13 had an r  ̂of 0.68, 

which Fowler and Cohen (1990) would describe as a modest correlation [table 7.1]. 

However, the correlation equation had poor predictive capacity as evidenced in the 

sizeable spread of the figures in tables 18.1 and 18.2. Therefore, it would not be 

advisable to use the correlation equation, in its present form, to calculate the 

release rate of further compounds from the Abraham descriptors.
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17.2. SUMMARY OF CONTRIBUTIONS

The ten compounds used in the Sitona lineatus bait are not necessarily 

the best set; rather they have evolved through the investigations of the department 

during the last twenty years of research into the chemical ecology of Sitona 

lineatus. These two decades of research have encompassed many ecological 

chemistry techniques and benefited greatly from advances in air entrainment and 

various electrophysiological techniques.

Entrainm ent experiments, described in chapter 14, were undertaken to 

replicate the earlier work of Blight. Thus, they established the ratio of components 

in undamaged and damaged field beans under controlled laboratory conditions. 

The ratios established in the present study varied from the original Blight work 

[see 14.3.4]. It was difficult to establish any definitive ratio as variations in the 

quantity of volatiles occurred from entrainm ent to entrainment. However, since 

there was such a large degree of separation between the undamaged and the 

damaged ratio, a pattern was instantly recognizable.

The quantification of the attraction of Sitona  lineatus to traps baited with 

known bean volatiles in various ratios was described in chapters 15 and 16. The 

noteworthy conclusion was tha t ratio of (.^-3-hexanol to W '3 hexenyl acetate may 

be of particular importance. As suggested earlier, a treatm ent containing a low 

ratio of W  3 hexenyl acetate led to increased trap catches whilst treatments 

containing a higher ratio appeared to showed decreased attractiveness compared to 

the pheromone alone.

The work presented in chapters 11 - 13 goes some way to extending our 

knowledge about the release of semiochemicals from the chosen release system" a 

glass vial. The release rate of sixty nine compounds was measured and is 

described in detail in chapter 11. The number of compounds studied is not 

particularly large but is made more significant, when the fact that each compound 

is tested for up to 32 days is considered. The greater the number of compounds 

tested, the more accurate the representation of the true population of compounds.

The performance of the glass vial release medium developed was compared 

to a polythene closure (“Polybag”) system that had proved successful in previous 

insect manipulation studies a t Rothamsted. To my initial surprise, the glass vial 

system caught as many insects as the Polybag system even though its overall 

release rate of compounds was approximately one tenth that of the Polybag.
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However, in light of the findings of chapters 15 and 16, this should not be 

surprising as it is the ratio of the components th a t is more important than the 

actual amount of compound released.

The calculation of the release rate of a compound using a correlation 

equation is described in detail in chapter 13. Unfortunately, the correlation 

possessed a low F statistic. Thus, the data suffered from a lack of a range of rate 

constants. However, this situation was unavoidable as the data were a byproduct 

of the chapter 6 investigations. This shortcoming was overlooked at the time of 

planning the principal objectives but is inherently difficult to avoid, since the rate 

constant is obtained only after the experiment is finished and the data analysed 

through the MLP program.

17.3. FUTURE WORK

The work presented in this thesis provides a basis for the further 

development of the glass vial system into a stable, controlled release medium for 

the delivery of semiochemicals for insect manipulation.

Fieldwork is time consuming and requires planning many months in 

advance. Therefore, treatm ents were tested in two phases' the spring and autumn 

of 2002 corresponding to chapters 15 and 16 respectively. These two seasons 

correspond to the two separate populations of Sitona lineatus -  spring migrants 

and autumn overwinterers. These two populations have distinct, and diverse, life 

goals. The spring migrants need to find good quality host plants to mate, and lay 

eggs on. Conversely, the autumn population are more concerned with finding 

nutritious plants to build up their body reserves to survive the over wintering 

process. Therefore, it would be prudent to repeat the fieldwork and test each 

treatm ent on both populations.

It would also be beneficial to perform electrophysiological studies to 

confirm tha t the insect’s antennae can perceive volatile mixtures with the ratios of 

the components used in the various treatments. More importantly, a future study 

should investigate whether the insect can distinguish between ratios of W'3" 

hexanol to W  3 hexenyl acetate since this study implicates the ratio of these two 

compounds as a significant factor in host plant selection by Sitona lineatus.

The use of insect pheromones in management strategies is expensive. 

However, the total cost of such strategies could be reduced if the relatively
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inexpensive green leaf volatiles were used to increase the effectiveness of the 

pheromone and thus, in addition, reduce the amount of pheromone required 

(Dickens e t a l, 1990). Alternatively, a plant can be developed as a feedstock for the 

production of a commercially valuable insect pheromone. The first published 

example of this strategy involves the catmint plant, Nepeta cataria (Birkett and 

Pickett, 2003). The PVC matrix impregnated with catmint derived nepetalactone 

was used in the experiments described in chapter 10.

Recently, Kunert, Koch and Boland (2002) reported a method to extend 

analytical sensitivity in the temporal resolution of analyses of volatile organic 

compound releases. Their study uses the new method (zNose™) and allows the 

real-time analysis of emission patterns. In the future, it may be possible to use 

this method to evaluate the temporal fluctuations in volatile emission from the 

host plant and ultimately, to try to relate certain ratios of volatiles with peaks in 

insect activity.

From an applied genetics point of view, in distant future years it may be 

possible to alter a crop’s volatile profile to repel the pest insect or, alternatively, to 

attract beneficial insects or natural enemies of the pest species.

The Abraham descriptors have been considered in all the LSER presented 

in this study. One must remember tha t there is a wealth of descriptors available 

and th a t the experimenter seeks to choose the descriptors that will lead to the 

't e s t ” regression [see chapter 7.7]. For example, a modest correlation (R  ̂ = 0.69) 

was established in chapter 13.3.1 between boiling point and the logarithm of the 

rate constant (for the loss of compound from a glass vial). Correlations with other 

empirical physical factors such as Henry’s constant should also be attempted.
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