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Abstract

The hypothesis that rapid y-aminobutyric acid (GABA) accumulation is

a plant defense against phytophagous insects was investigated. Simulation

of mechanical damage resulting from phytophagous insect activity

increased soybean (Glycine max L.) leaf GABA 10- to 25-fold within 1 to 4

min. Pulverizing leaf tissue resulted in a value of 2. 15 (±O. 11 SE) ~mol

GABA per gram fresh weight. Increasing the GABA levels in a synthetic

diet from 1.6 to 2.6 Jlffiol GABA per gram fresh weight reduced the growth

rates, developmental rates, total biomass (50% reduction), and survival

rates (30% reduction) of cultured Oblique banded leaf-roller (OBLR)

(Choristonellra rosacealla Harris) larvae. In field experiments OBLR

larvae were found predominantly on young terminal leaves which have a

reduced capacity to produce GABA in response to mechanical damage.

Glutamate decarboxylase (GAD) is a cytosolic enzyme which catalyses the

decarboxylation of L-Glu to GABA. GAD is a calmodulin binding enzyme

whose activity is stimulated dramatically by increased cytosolic H+ or Ca2
+

ion concentrations. Phytophagous insect activity will disrupt the cellular

compartmentation of H+ and Ca2
+, activate GAD and subsequent GABA

accumulation. In animals GABA is a major inhibitory neurotransmitter.

The possible mechanisms resulting in GABA inhibited growth and

development of insects are discussed.

2



Acknowledgements

vVithout hesitation I would like to thank nlY supervisor Dr. Alan Bown for his support,

guidance alld encouragenlent. I would also like to thank the n1enlbers of nlY advisory

conunittee: Dr. Arthur Houston, Dr. Alan Castle, Dr. Peter Nicholls, and Dr. Dave Pree

for their helpful inputs.

I extend a note of appreciation to the following people: E\va Cholewa, Lesley Crinson,

Lisa Allen, Richard Cleve, Stefanie Grognet, and Guijin Zhang all ofwhonl have nlade

working in the lab enjoyable. This work would not be possible without the OBLR egg

nlasses provided by Karen Whitty.

To Swadeka and Hadiya, I say Nlerci for nlaking everything w-orthwhile.

3



.Table of Contents

Abstract 2

Acknowledements 3

Table of Contents 4

List of' Tables 6

List of Illustrations 7

Introduction 8

Literature Review 10
A. GABA
AI. GABA Biosynthesis
A2. GABA Shunt
A3. Stress Response and GABA Accumulation
A4. The Activation of GAD
AS. Possible Role(s) for GABA in Plants

B. GABA in Insects 23
B 1. GABA Receptors in the Neuromuscular System
B2. GABA Receptors in the Mouthparts of Insects
B3. Insect Hemolymph

C. Biology of the OBLR 28
C 1. Seasonal History

Materials and Methods 31
A. Materials
B. ~1ethods

B 1. Tissue Treatment
B2. GABA Extraction
B3. GABA Determination
B4. GABA Calibration Curve

C. Insect Rearing 38
C 1. Insect Diets
C2. Pinto Bean Diet
C3. Synthetic Diet
C4. Insect Measurements

4



Results 45
A. The Inhibition of Growth and Development of the OBLR
AI. OBLR Weights
A2. Percentage Survival
A3. Days to Pupation
A4. Preference Experiment
AS. Larval Biomass
A6. Total Biomass

B. Mechanical Stimulation or Damage of Soybean Leaf Tissue 61
B 1. Time Course for Increase in GABA
B2. Tissue Treatments

C. Mechanical Damage of Apple Leaves 70
C 1. Location of the OBLR
C2. GABA Levels in OBLR Stimulated Leaf Tissue

Discussion 73
A. The Mechanism of Rapid GABA Synthesis in Response to

Mechanical Stimulation or Mechanical Damage
of Leaf Tissue

AI. Properties of GAD

B. Evidence Consistent with the Hypothesis that Rapid GABA..... 75
Synthesis is a Plant Defense Strategy against
Phytophagous Insects

B 1. Simulation of Insect Activity and GABA Sythesis
B2. The Concentration of GABA in Leaf Tissue

and Synthetic Diet
B3. The Concentration of GABA in other Plant Tissues
B4. The OBLR Life History
B5. Developmental Delay

C. Possible Mechanisms for GABA Inhibition of
Insect Larval Growth and development 88

C 1. The Role of GABA in Gustation
C2. The Role of GABA as an Inhibitory Neurotransmitter

Conclusions 93

References 94

Appendix -;, 101

5



List of Tables

Table 1. The GABA levels in the diets 51

Table 2. The increase in GABA levels due to the crushing of

soybean leaves 65

Table 3. The mechanical stimulation of soybean leaf tissue

and GABA synthesis 67

Table 4. The GABA levels in a rolled soybean leaf after 60 s,

after 24 hrs, and in an adjacent leaf 68

Table 5. The GABA producing potential of mechanically

damaged apple leaves 70

Table 6. The OBLR ambulatory stimulation of a

soybean leaf 71

6



Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

List of Illustrations

GABA calibration curve 37

mg chlorophyll calibration curve 39

OBLR rearing conditions 49

Representative sample of OBLR 50

Weight of OBLR 52

Days to pupation of OBLR 53

Percent survival of OBLR 54

Larval biomass of OBLR 55

Total biomass of OBLR 56

7

Fig. I 0 Preference experiment 57

Fig. 11 Amino acid specificity (length data) 58

Fig. 12 OBLR calibration curve 59

Fig. 13 Amino acid specificity (derived weight data) 60

Fig. 14 Time course for increase in GABA 66

Fig. 15 Location of OBLR in apple orchard 69

Fig. 16 OBLR on soybean leaf 71

Fig. 17 Proposed model for the mechanism of GABA synthesis 76



Introduction

GABA (y-anlinobutyric acid) is a ubiquitous nonprotein an1ino acid and

is nOflnally a ll1ajor COl11ponent of the free aniino acid pool found in plants.

GABA is produced frolll an a-decarboxylation of the anlino acid L

Glutanlate. This reaction is catalyzed by the enzynle glutamate

decarboxylase (GAD) which is a sequestered in the cytosol (Breitkreuz and

Shelp, 1995) . GAD i s activated by either Ca2
+ (Arazi et aI., 1995; Snedden

et aI., 1995) or H+ (Carroll et aI., 1994; Crawford et aI., 1994). The rapid

and large accunlulation of G ABA in response to nlany diverse

environmental stimuli has been "veIl docunlented (Satya Narayan and Nair,

1990). The nlechanical stinlulation or nlechanical danlage of soybean

(GlyciJle /l1GX L.) leaves results in an increase in GABA (\\'allace et aI.,

1984) . ~fechan ica1st inl U1at ion 0 f to baccoseed1ingsis kn0 "Vn to inc rease

cytosolic Ca 2
+ (Knight et aI., 1991). Mechanical damage "viII also disrupt

the intracellular compartmentation, allowing both Ca2+ and H+ to enter the

cytosol.

In aninlals GABA is an inhibitory neurotransmitter (Sattelle, 1990).

The hypothesis in this study proposes that n1echanical damage of leaf tissue

caused by insect feeding w'ill cause an increase in G.A.BA, \vhich in turn "viII

inhibit the growth and development of phytophagous insects.
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The following questions are asked in this study:

1. Does mechanical stimulation or mechanical damage cause an increase in

GABA?

2. What is the time course for this increase in GABA ?

3. Do increases in GABA in insect diets affect the growth and

development of the OBLR larvae?

4. Is there a correlation between the location of the OBLR larvae in the

field and the capacity of that leaf to produce GABA ?

The first null hypothesis states that there in no change in the level of

GABA due to mechanical stimulation or mechanical damage of soybean leaf

tissue. The second null hypothesis states that there is no affect on the

growth and development of OBLR larvae reared on GABA supplemented

diets.
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Literature Review

A. GADA

GABA (y - aminobutyric acid or 4- aminobutyric acid) is a non-protein

amino acid with a molecular weight of 103.1. GABA is naturally occurring

and ubiquitous within the accepted five kingdoms: prokaryotes (bacteria),

protists, plants, fungi, and animals. In every plant part that has been"

examined GABA has been shown to occur in relatively high levels

compared with other soluble free amino acids. GABA is not incorporated

into any protein nor is it an intermediate in any major photosynthetic

biochemical pathway (Bown and Shelp, 1989). It may be involved in plant

stress response. There is overwhelming evidence in the literature that

testifies to a rapid and large accumulation of GABA in response to many

diverse environmental stimuli (Satya Narayan and Nair, 1990). Yet the

role or roles of this universally abundant plant compound still eludes the

scientific community. In the animal kingdom it has been known since the

1950's that GABA is an inhibitory neurotransmitter. GABA is present in

high concentrations in the mammalian brain tissue.

AI. GABA Biosynthesis

In the plant cytosol GABA is formed by the u- decarboxylation of L

glutamate by the enzyme glutamate decarboxylase (GAD, EC 4.1.1.15).
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This irreversible reaction is a proton consuming reaction and the products

are GABA and CO 2 .

11

H+ + L - glutamate -----. GABA + CO 2

Glutamate is often the most abundant amino acid in the plant cytosol at

levels of 3 Jlffiol Giu/ g FW soybean leaf (Secor and Schrader, 1984).

Though the decarboxylase is not sequestered from its substrate, GABA

levels are relatively low in unstressed plants. The control of GAD activity

(compared to GAD synthesis) is due to changes in the ionic composition of

the cytosol. Recently, the 58 kDa calmodulin-binding GAD from petunia

was isolated and sequenced. It is reported that this GAD is a CaM-binding

protein (Baum et al. 1993). It has also been demonstrated that plant GAD

is stimulated by an increase in Ca2 +/ CaM (Ling et al. 1994). Plant GAD

has a narrow optimal pH range of 5.7 to 6.2, (Snedden et aI., 1992) this is

relatively acidic compared to the normal pH range of the cytosol 7.0 to 7.5

(Kurkdjian and Guern, 1989). Thus, increased GABA levels may result

from a reduction in intracellular pH. This is supported by the fact that

permeant weak acids reduce cytosolic pH and cause an increase in GABA

levels (Crawford et aI., 1994). An increase in both H+ and Ca2 + trigger the

activation of GAD. The activity of this enzyme is regulated by both its

location and its s~rrounding milieu. This control of GAD activity is an

example of regulation by compartmentation. Plant stress responses may



be mediated through an alteration in compartmentation of H+ and Ca2+, thus

leading to an increase in GABA levels.

There are other minor pathways that lead to the production of GABA in

plants. Ornithine, arginine and putrescine can all be converted to GABA.

The evidence for these pathways was elucidated through the use of

radiotracer studies and the relevant enzymes have yet to be characterized.

All three compounds: ornithine, arginine and putrescine are ultimately

derived from glutamate in higher plants, thus it can be concluded that

glutamate is the only source of GABA in plants (Satya Narayan and Nair

1990).

In higher plants, the reduced form of nitrogen ultimately available for

direct assimilation is NH 4 + (Wallsgove et aI., 1983). Since NH4 + is

generally toxic to plant cells at high concentrations, NH 4 + pools are

maintained at low levels through rapid assimilation into amino acids via the

glutamine synthetase/glutamate synthase (GS/GOGAT) pathway (Vance and

Griffith, 1990). Ammonia entering the GS/GOGAT pathway can come from

N03 - reduction, symbiotic N2 fixation, and photorespiration (Wallsgrove et

al., 1983). The initial reaction in NH4 + assimilation involves the ATP

dependent amination of glutamate by GS to yield glutamine. The next step

is catalyzed by GOGAT, it involves the reductive transfer of the amide

amino group of glutamine to a-KG to yield two glutamates. Now,

glutamate can either be used to -replenish the GS-glutamate pool or may
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donate its N to form other nitrogenous compounds such as amino acids,

nucleic acids, alkaloids, and polyamines, or form non-protein amino acids

such as GABA. An alternative route for assimilation involves the enzyme

glutamate dehydrogenase, (Oaks and Hirel, 1985) it catalyses this reaction:

a- ketoglutarate + NADH + NH3~ glutamate + NAD+ + H 20

Nitrogen is a key element in many of the compounds present in plant cells.

It is the major limiting factor in agricultural production. Given the

importance of nitrogen it is highly unlikely that GABA is without function

in the plant.

A2. GADA Shunt

There are three reactions which constitute the GABA shunt. In the first

irreversible reaction, glutamate is decarboxylated via glutamate

decarboxylase (GAD EC 4.1.1.15) to Y - aminobutyric acid (GABA). In the

second reaction GABA is converted to succinic semialdehyde by GABA

transaminase (GABA-T)(EC 2.6.1.19). This is a reversible transamination.

If pyruvate is the amino acceptor then the reaction is catalysed by GABA

pyruvate transaminase. In the third reaction succinic semialdehyde is then

oxidized to succinate by the enzyme succinic semialdehyde dehydrogenase

(SSADH EC 1.2.1.16) in a second irreversible reaction (Reviewed in Satya

Narayan and Nair, 1990). The GABA shunt is a classic example of an

irreversible biochemical pathway whereby the first and last reactions are
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irreversible. The GABA shunt allows the glutamate carbon to enter the

Krebs cycle in the form of succinate and the glutamate nitrogen is

incorporated into GABA and alanine. In forming succinate, the GABA

shunt bypasses three reactions, catalysed by glutamate dehydrogenase, a

keto glutarate dehydrogenase, and succinyI CoA synthetase. The in vivo

amino acceptor is uncertain, thus there are two possible reaction sets which

constitute the GABA shunt:

A) 1. glutamate + H+ --> GABA + CO 2

2. GABA + pyruvate <-> succinic semialdehyde + alanine

3. succinic semialdehyde + NAD+ --> succinate + NADH + H+

B) 1. glutamate + H~ -> GABA + CO 2

2. GABA + a-ketoglutarate <--> succinic semialdehyde + Glu

3. succinic semialdehyde + NAD+ --> succinate + NADH + H+

It has been reported that GABA-T isolated from soybean leaf is ten fold

more active with pyruvate as the amino acceptor than with a-ketoglutarate,

and GABA-T from developing soybean cotyledons has a higher affinity for

pyruvate than a-ketoglutarate (Shelp et al., 1995). It is interesting to note

that in organisms other than higher plants, such as mouse, GABA-T is

specific for a-ketoglutarate only (S chollsboe et al., 1973). The differential

specificity between pyruvate and a-ketoglutarate provides some support
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for the hypothesis that GABA-T, like other plant transaminases, exists as

multiple isoforms in soybean seeds (Shelp et al., 1995). If pyruvate is the

amino acceptor, the amino group will be used to form alanine. If u

ketoglutarate is the amino acceptor, then the amino group of glutamate is

constantly recycled to glutamate. The GABA shunt has been shown in

many higher plants (Satya Narayan and Nair, 1990).

The cellular location of the three enzymes constituting the GABA

shunt has been determined (Breitkreuz and Shelp, 1995). GAD is

sequestered in the cytosol, whereas GABA- T and SSADH are found in the

mitochondria. This suggests the existence of a GABA transporter across

the mitochondrial membrane.

~~3. Stress Response and GADA Accumulation

A biological stress is any change in environmental conditions that might

reduce or adversely change a plant's growth or development (Levitt, 1980).

In the literature it has been well documented that GABA levels accumulate

in response to many diverse environmental stimuli. In intact, excised

radish leaves, GAB A levels rose 30 fold after 15 minute exposure to

anaereobic conditions (Streeter and Thompson, 1972). The abrupt transfer

of detached soybean leaves from 33°C to 22°C resulted in a 200 fold

increase in GABA levels within 5 minutes (Wallace et al., 1984). Plants

that were exposed to a gradual -reduction in temperature did not show the

same accumulation of GABA. In these stressed leaf tissues a parallel
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decrease in glutamate also occurred. When cowpea cells maintained at

26°C are transferred to 42°C, the result is an induced 10 fold rapid

accumulation of GABA (Mayer et al., 1990). In the osmoregulation of

tomato suspension cultures, the accumulation of GABA may indicate a

dynamic adjustment to nitrogen metabolism in water stress adapted cells

(Rhodes et al., 1986). Non-damaging mechanical manipulation of soybean

leaf tissue resulted in a 1500 % increase in GABA levels within minutes.

Mechanical manipulation which resulted in the damage of soybean leaf

tissue induced a 2000 % increase in GABA levels (Wallace et al., 1984).

In cold stress (from 33°C to 22°C for 5 min) treatments of soybean leaf

tissue the GABA levels rose 20-fold and then returned to normal after 1 h.

This finding is contrary to the suggestion that GABA accumulation, in

excess of other metabolites, could be used as a metabolic marker for dead

or dying plant cells (Roberts et al., 1992).

Though age is not a stress, the amount of GABA per g FW in old leaves

is about twice as much as in young leaves in the case of Medicago sativa

and Datura suaveolens.· The increase in the level of GABA depends on the

age of the leaves (Lahdesmaki, 1968). GABA levels reach their maximum

in full-grown leaves. Which leaf from the terminal is designated as full

grown will depend on the plant species.

Other environmental stresses which result in the accumulation of GABA

include flooding (Fulton et al., -1 964), water deficiency (Hanover and
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Brzozowska, 1975), mineral deficiency (Possingham, 1957), and y

radiation (Jaarma, 1969). In isolated asparagus cells, cell acidification

induced by hypoxia, H+IL-glutamic acid symport, and addition of butyrate

or other permeant weak acids stimulated the levels of both intracellular and

extracellular GABA by 1000/0 to 1800% in isolated asparagus cells

(Crawford et al., 1994). The addition of F- , NH 4 +, glutamine or auxin all

cause an increase in GABA levels (Satya Narayan and Nair, 1990). GABA

levels increased in response to the tobacco mosaic virus in young tomato

plants (Cooper and Selman, 1974).

The increase of GABA in response to many diverse environmental

stresses is correlated with a shift in the composition of the amino acid

pool. An increase in GABA correlates with a decrease in glutamate and an

increase in alanine. This suggests that a common mechanism may mediate

the accumulation of GABA in stressed plant cells (Wallace et aI., 1984).

The transduction of the stress signal resulting in elevated GABA levels is

still unknown, as is the function of GABA accumulation.

The resting levels of GABA are around 0.05 Ilffiol GABA per gram FW

in soybean leaf tissue. When the leaf is stimulated by a variety of

treatments the GABA level rises rapidly to 1-2 ~mol GABA per gram FW

within 2 minutes after treatment (Wallace et aI., 1984).
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A4. The Activation of GAD

The rapid accumulation of GABA in response to many environmental

stresses is not surprising since GAD (EC 4.1.1.15), the enzyme

synthesizing GABA is regulated by a Ca 2 +J Calmodulin binding domain

(Baum et al., 1993). It is well known that Ca2
+ is a major regulator of

plant cell metabolism and many environmental stimulus response

mechanisms are mediated by a transient increase in Ca2
+ (Bush, 1995).

However, it has not been demonstrated whether or not increases in Ca2
+

precedes an increase in GABA levels. Similar to Ca2
+ levels (Knight et aI.,

1991), GABA levels also decline once the stress has been removed

(Wallace et aI., 1984).

In a stressed plant cell GAD activity is 30- to 70- fold higher than

GABA-pyruvate transaminase activity (Wallace et aI., 1984; Breitkreuz and

Shelp, 1995). The rapid time course for the accumulation of GABA

eliminates de novo synthesis of GAD as being responsible for GABA

accumulation. It is the activity or the activation of the GAD enzyme which

is responsible for causing the rapid accumulation of GABA in a stressed

plant cell (Snedden et al., 1995). A change in the relative activity of GAD

may be due to an alteration in intracellular compartmentation. Either an

increase in L-Glu concentration or a change in H+ or Ca2
+ levels may

modify GAD activity. It is unlikely that glutamate levels control GAD

activity, L-Glu is in relatively high concentrations in the cytosol (Satya
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Narayan and Nair, 1986) and GAD is a cytosolic enzyme (Breitkreuz and

Shelp, 1995). Thus GAD and glutamate are not sequestered in two

separate cellular compartments.

Rapid GABA accumulation indicates rapid GAD activation. There

exists a considerable amount of data which implicates cytosolic pH change

as an effector of GAD activity. GAD has an acidic pH optimum 6.0

(Snedden et at., 1992). The normal pH of the cytosol ranges from 7.0 to

7.4 (Guern et at., 1986). It is possible that H+ ions entering the cytosol

from either the apoplast or the vacuole, where the H+ concentration is high,

will cause an acidification of the cytosol. This decline in cytosolic pH

favours GAD activity. Mechanical damage of the tonoplast will allow the

entry of H~ ions into the cytosol, lowering the pH and activating GAD.

Both hypoxia and anaerobiosis are known to lead to intracellular

acidification and subsequent GABA accumulation (Roberts et al., 1984).

Thus, in an acidic cytosol the production of GABA is favoured over the

catabolism of GABA. The transaminase which catabolizes GABA is located

in the mitochondria (Breitkreuz and Shelp, 1995) and has a basic pH

optimum of 9.0 (Satya Narayan and Nair, 1986).

AS. Possible Role(s) for GABA in Plants

Despite its ubiquitous nature, the role of GABA accumulation in

response to stress is still unkno··wn. An established role for this non-
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protein anlino acid is that of a neurotransmitter in the aninlal kingdom. In

insects, as "veIl as in vertebrates, GABA is a nlajor inhibitory

neurotransnlitter, alt hough in insect sit Plays a key ro1e i11 t he perip heral

nervous system as \-v"ell as tIle eNS (Sattelle, 1990). Some GABA

receptors in the anin1al nerv·ous systenl contain a GABA-gated chloride

channel. ""Then GABA binds to the receptor, these channels increase the

menlbrane conductance to CI- ions which results in the hyperpolarization of

the neuron (Rau11 et al., 1990). There also exists GABA receptors which

stimulate K+ and Ca2 + conductances through interactions with G proteins

(Bowery et aI, 1991). In ternlS of hun1an diseases, GABA has been

inlplicated in playing a role in epilepsy (Ribak and Harris, 1979),

Parkinsons disease (Lloyd et aI., 1977), schizophrenia (Perry et aI., 1979),

and hepatic encephalopathy (Baraldi and Zeneroli, 1982). Several forms of

aninlal GAD have been described (Nathan et aI., 1994). GAD appears to be

an autoantigen in insulin-dependent diabetes nlellitus (Baekkesov· et al.,

1990). Altered GAD activity nlay also playa role in the rare

neurophysiological disorder, stiff-n1an syndrome (Soliniena and De Camilli,

1991). In man1nlals, injesting or being injected with GABA does not alter

the level of this non-protein amino acid in the CNS as it cannot penetrate

the blood brain barrier sufficiently (Kuriyanla and Sze, 1971).

In contrast to the -vvealth of information surrounding the role of GABA

in anin1als, in plants the functiorl-of GABA ren1ains unclear, although many
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hypotheses have been suggested. Since GAD activwity increases as pH

decreases and because glutanlate decarboxylation is a proton corlsun1ing

reaction, GABA production could act as a sink for excess protons in the

cytoplasnl and thus function as a nletabolic pH stat (Cravlford et a!., 1994;

Carroll et aI., 1994). A lo\vering of the cytoplasn1ic pH is know·n to occur

in higher plants under anaerobic conditions (Roberts et al., 1984), and this

would fav·our GAD activ·ity and GABA accunlulation. This TIlay be a

l11echanisTI1 for reducing acidosis under hypoxia. However, reduced

cytosolic pH appears to be a sufficient but not a necessary requirenlent for

stinlulated GABA synthesis (Crawford et a!., 1994).

It has been suggested that GABA can be viewed as a temporary

nitrogen storage for use in the synthesis of protein anlino acids especially

under stress conditions (Mizusaki et aI., 1964). GABA nlay also be

involved in the transport of nitrogen. The presence of relatively high

anlounts of GABA (20~'O of the total N content of the organ) in the root

nodules of certain nitrogen fixing legun1es also indicates a sin1ilar role for

GABA in the root nodules (Larher et aI., 1983). In the phloenl sap of

soybean plants there exists a significant proportion of the total soluble

nitrogen in GABA, this nlay indicate that GABA acts as a nitrogen

transport conlpound (Servaites et aI., 1979).

Analysis of the xylen1 sap of Asparagus has denlonstrated that GAB A

represents 11 % of the free amino acids, on a nlolar basis (Chung et aI.,
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1992). In this study, GAB A was the l11aj or al11ino acid released froil1

Asparagus cells, even though it "vas not the 1110St abundant an1ino acid in

the cell. The internal GABA concentration was higher than the external

concentration. This suggests that GABA effllix may occur via specific

InechanislTIS and the efflux appears to be passive. Thus, another possible

role for GABA accunlulation and subsequent efflux could be to signal

stress to adjacent cells (Chung et al., 1992). There are four lines of

evidence which suggest G.A..BA n1ay playa role as an intercellular

nlessenger. First, GABA is transported out of the cell (Chung et a!.,

1992). Second, it is well kl10\Vn that nlany cellular responses are nlediated

through Ca2
+, which also affects GAD activity. Third, in transgenic

plants that o·verexpress GAD, GABA levels were 3- to 5- fold higher than

in control plant under norn1al growth conditions. These plant exhibited

stunted growth and no apical dominance, suggesting that GABA nlay

regulate ·plant ill0rphology and growth (Baum et aI., 1995). Fourth, GABA

is an intercellular nlessenger in anin1als and by analogy may playa sin1ilar

role in plants.

Many of the same stresses which induce GABA production (\Vallace et

aI., 1984) also cause increases in cytosolic calciunl levels (Knight et aI.,

1991). III vivo studies with isolated Asparagus nlesophyll cells has shown

that GABA levels are stimulated when Ca 2
+ levels rise in response to cold

shock (Cholewa, 1995). Conversely, GABA added to isolated Asparagus
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mesophyll cells caused an increase in cytosolic Ca2
+ within a few seconds

(Cholewa, 1995). Thus, It is possible that GABA may playa role as an

intercellular messenger.

Another possible role for the induced rapid accumulation of GABA may

b~ as a plant defence mechanism against phytophagous insects. Insects

feeding on leaves could damage intracellular compartmentation resulting in

increases in the cytosolic H+ and Ca2+ concentration and subsequently the

accumulation of GABA. This in turn could have a profound effect on the

growth and development of insects. Since GABA is an inhibitory

neurotransmitter, this non-protein amino acid may function in the area of

plant-insect interaction.

B. GABA in Insects

B 1. GABA Receptors in the Neu rom uscular System

GABA is the major inhibitory neurotransmitter at invertebrate synapses

in both the central and peripheral nervous systems (Lunt, 1991). Although

GABA first achieved the status of a neurotransmitter in experiments using

crayfish and horseshoe crab, the use of invertebrates in GABA research has

diminished. GABA receptors in the mammalian brain have been cloned,

sequenced, expressed, characterised and mutated, whereas the invertebrate

counterparts are only partially characterised. In recent years there has

been a resurgence in invertebrate GABA research, and the GABA receptor
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sites of several species are now the focus of much attention. GABA

receptors in the vertebrate eNS have been divided into two subtypes:

G'ABAA receptors, which contain the GABA-gated CI- channel; and the

GABAB receptors, which mediate the effects of GABA on K+ and Ca2
+

conductances through interactions with G proteins (Bowery, 1989). Most

GABA receptors identified to date resemble the vertebrate GABA A

subtype, such that agonist binding leads to a rapid increase in the CI

conductance of the cell membrane (Sattelle, 1990).

Many insect neurons exhibit transient hyperpolarization following

application of GABA, which operates by activating or opening a CI

channel. Hill coefficients greater than one suggest that binding of at least

two GABA molecules are required for activation of the insect receptors

(Sattelle, 1990). Data from insect muscle and nerve tissue suggest that the

peripheral GABA A receptors resemble those described for neuronal GABA A

receptors (Scott and Duce, 1987).

Invertebrate GABA receptors have also become the focus of much

attention from the pesticide industry. There has been a growing realization

that the GABA receptor complex is a major site of action of the cyclodiene

class of insecticides. Three billion pounds of hexachlorocycloalkanes,

polychloroboranes, and chlorinated cyclodienes in total were used to

control insect pests b.efore their mode of action was established as blocking

the GAB A-gated cr channel (Ca-sida, 1993). With the restricted use or
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den1ise of the polychlorocycloalkanes, the GABAergic systen1 (neurons that

secrete GABA are referred to as GABAergic) is for now an underutilized

target of insecticide action. Cyclodienes represent an inlportant proportion

of total \vorld sales of pesticides, but suffer fronl the problen1 of significant

vertebrate toxicity and so their use is declining.

An in1portant difference betw'een invertebrate and vertebrate GABA

receptors is their cellular location and anatoTIlical localisation. In

vertebrates GABA receptors are restricted to the brain and thus are

protected by the blood-brain barrier. In contrast, the invertebrate GABA

receptors, particularly those on muscles, are much more exposed to

exogenous agents in the henlolynlph (Irving et aI., 1979). Given that

GABA receptors are proven targets for insecticides, there is the potential

to de"velop new and 1110re specific control agents. It should be noted that

not all GABA agonists have the same pharmacological and biochenlical

characteri sti cs. Con1pound s coul d be developed that are potent n10d ula tors

of GABA receptors but w"hich would not cross the "vertebrate blood-brain

barrier. The natural nenlatocides, the averl11ectins, have this property.

These are n1acrocycli c lactones, produced by strai ns of S'treptolnyces

averl11itilis, which are extren1ely potent insecticides, and are widely used as

conlnlercial pest control agents (Lunt, 1991). In several insect species,

studies on both neuro'nal and nluscle preparations strongly indicate that the

av-ernlecti ns can act both on GAB A-gated Cr channel s and on channel s that
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are unrelated to GABA receptors (Sattelle, 1990). The apparent selectivity

of the avermectins for invertebrates compared to mammals is because the

compounds do not readily cross the blood-brain barrier in most mammals

(Wright, 1986). In both vertebrates and invertebrates, it can be concluded

at present that GABA receptors are certainly one site of action of the

avermectins, but it is much less certain what proportion of the overall

toxicity of these compounds derives from this activity.

B2. GABA Receptors in the Mouthparts of Insects

Gustation plays a key role in food selection by animals. This fact is

probably best exemplified among insect herbivores, where the

specialization of a particular insect on specific plant organs of one or a few

hosts is hard to find in any other animal group (Mullin et al., 1994). While

visual, olfactory and physical aspects of plants and their organs can be

important for insects finding a host, contact chemoreception of non-volatile

nutrient and secondary plant chemicals usually directs the ultimate choice

of a food item (Frazier, 1986; Stadler, 1992). GABA is known to stimulate

feeding among herbivorous members of four insect orders: Orthoptera,

Homoptera, Coleoptera, and Lepidoptera (Mullin et al., 1994). In the

adult Colorado potato beetle, 1.69 mM GABA stimulated the a-galeal

sensillum of the maxilla (taste receptor) (Mitchell and Rarison, 1984).

Plants, particularly under stress-conditions, will biosynthesize high amounts
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of GABA (Wallace et al., 1984). Insect herbivores searching for highly

nutritious growth zones (upper leaves, root nodules, pollen) could use

GABA as a selective cue. The high levels of free GABA, glycine and p

alanine in pollens, preferred foods for the adult corn rootworm, suggests

that GABAergic/glycinergic neuroreceptors may mediate gustation in this

and similar herbivores (Mullin et al., 1994).

B3. Insect hemolymph

The amino acid L-glutamate is a neurotransmitter at insect somatic

excitatory neuromuscular junctions (Usherwood and Cull-Candy, 1975).

The neuromuscular junctions of the blowfly larvae Lucilia sericata are not

covered by glial cells (Hardie, 1976). Typically glial cells surround

neurons and occupy spaces between them. Some glial cells wrap

themselves around axons to provide electrical insulation in the form of a

myelin sheath. The glial cells help in various ways to control the chemical

and electrical environment of the neurons. Nerve terminals and glial cells

have specific transport proteins in their plasma membranes for active

uptake of neurotransmitters (Bray et al., 1981).

Since there are no glial cells around the neuromuscular junction of L.

sericata, this suggests that there is no cellular barrier between the synapse

and the L-glutamate in the hemolymph. This is verified by the finding that

injection of physiological levels -of L-glutamate into the hemolymph of
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larval L. sericatL1 caused reversible paralysis, confirnling that there is no

apparent barrier to L-glutan1ate between the henlo1ymph and the

neuro111uscular junction in this in vivo preparation (Irving et aI., 1976).

These data suggest that the neuromuscular junction in larv'al insects is

exposed to tranSll1itters present in the hell1olynlph, and these nlay be

deriv'ed fronl the insect diet.

c. Biology of the OBLR

The obliquebanded leafroller, CJlorislol1eurL1 raSaCeaJla (Harris), is

aptly nanled for the brown coloured oblique band on the wings of adult

TIloths and the larval habit of rolling ternlinai leaves. It is a conlmonly

occurring tortricid (Lepidoptera: Tortricidae) in TIlany crop habitats (Schuh

and l\'Iote, 1948). The nlost favoured hosts are plants belonging to the

Rosaceae, including the genera lvfalus, Crateagus, J?ubus, j)rl//l11s, al/(1

ROSCI (Chapnlan et aI., 1968).

C 1. Seasonal I:Iistory

Larvae of the OBLR o'lerwinter on trees in sn1all cracks, crev-ices,

underneath nlOSS and lichen, in loose bark, and occasionally around the

buds in the 2nd- and 3rd-year-old \vood (AliNiazee, 1986). The

overw'intering larvae emerge during early spring (April) and n1ay feed

initially on the 1110S5 and lichen and decoll1posed bark near where they
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hibernated. However, they soon move to the opening leaves and feed on

young foliage (AliNiazee, 1986). Young OBLR larvae have a green body

and the head capsule and thoracic shield is usually black. Larval

development is generally completed by the middle of June and pupae

emergence begins in late June and early July. OBLR females lay eggs in

masses of 50 to 200 on the upper surfaces of mature leaves in June and

July (Brunner and Beers, 1990). At first, the egg mass is a light green

colour, but as the eggs mature the mass turns light brown. Just prior to

hatching, the dark head of the small larva can be seen in each egg. A

second batch of pupae emerge in August, indicating two generations per

year. The pupa of the OBLR is a typical moth chrysalis, the pupa develops

in a protected place, usually in a folded leaf. The time frame from egg

laying to egg hatching is one week, and larvae develop for 40-45 days until

pupation. After pupation, another week is required before moths emerge

(Brunner and Beers, 1990).

The second generation is generally much smaller in number than the

first generation. In four sites in the Niagara Peninsula of Ontario a total of

774 moth OBLR captures were made in June compared to 468 in August

using sex pheromone traps (Pree and Roberts, 1981). In general, weather

conditions and the degree of larval parasitization are responsible for the

size of the second generation (AliNiazee, 1986). An egg laying period is

noticed during September, this overwintering generation of larvae will feed
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for a short time on foliage and fruit before moving to scaffold limbs and

constructing hibernacula in October where they remain until the following

spring (Brunner and Beers, 1990).
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Materials and Methods

A. Materials

1. GABA Extraction and Determination

Tetrapotassium pyrophosphate buffer Sigma

Chloroform BDH

Methanol BDH

GABAse Sigma

Glycerol BDH

a-ketoglutarate (a-KG) Sigma

y-aminobutyric acid (GABA) Sigma

Nicotinamine adenine dinucleotide phosphate (NADP+) Sigma

Mercaptoethanol Kodak Eastman

Ion exchange chromatography column BioRad

(Cation Exchange Resin No. 731-6214)

AG50 W-X-8 (H+)

2. Insect Diet
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Pinto (Navy) bean

brewer's yeast

Ascorbic acid

Sorbic acid

methyl p. hydroxybenzoate (Methyl paraben)

Unico

Difco

Mallinckrodt

lCN

ICN



aureomycin

agar

. vitamin solution

(Fortification mixture No. 904654)

formaldehyde

Cyanamid

Difco

leN

Mallinckrodt
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Bioserv

3. Synthetic Insect Diet

Synthetic insect diet

(Omnivorous Leaf Roller Diet No. F9696)

Custom ordered diet Bioserv

(Red Banded Leaf Roller Diet without GABA No. F9964)

4. Oblique Banded Leaf-Roller Larvae

(egg masses)

5. Plant Material

Agriculture Canada

Vineland, Ontario

Soybean (Glycine max [L.] Merr. cv Corsoy 79) seeds were supplied by

Harrowvinton Seeds, Ontario. These were grown for 45 to 55 days in a

growth chamber (16: 8 light: dark, 25°C) in vermiculite. The seeds were

treated with a general soil inoculant (supplier, Kala). The plants were

watered daily with a nitrogen minus nutrient solution to promote

nodulation. Apple (Malus pyrus cv MacIntosh) leaves were obtained from

the field at Agriculture Canada Research Station, Vineland Ontario in mid-



June and mid-July of 1995. No pesticides or insecticides were used in this

orchard.

B. Methods

1. Tissue treatment

For each experiment mature, dark green leaves from the third trifoliate

of the soybean plants were used. Plants were allowed to acclimate

undisturbed in the lab for two hours. Each mechanical stimulation was

repeated six times within 30 seconds while the leaf was attached to the

plant. Stimulation consisted of rolling the leaflets, touching with a plastic

rod, and stroking with a nylon brush. After an additional 30 seconds, the

leaflets were detached and placed immediately into liquid N 2 . For the

crushing treatment, an unstimulated leaflet was detached, crushed with a

pestle in a mortar for 30 seconds, and after a further 30 second period,

covered with liquid N2 . In the pulverizing treatment, an unstimulated

leaflet was detached, immediately placed into liquid N 2 and pulverized to a

fine powder and brought to 20°C in 4 minutes. In field experiments, the

crushing procedure was carried out on terminal light green leaves and on

mature dark green leaves from the fifth node of apple prior to liquid N2

treatment. All the control sample leaves were detached, placed in a

mortar, and immediately covered with liquid N2 , and pulverized to a fine
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powder. With soybean the control leaf was the central leaf of the

trifoliate, with the outer leaves being the experimental leaves.

GABA Extraction

Leaf tissue samples (0.3 to 0.4g) were placed in a mortar and covered

with liquid N2 , and ground to a fine powder. Immediately after the

evaporation of the liquid N 2 , samples were treated with 5ml cold 100%

methanol in order to inactivate enzymes (Wallace et al., 1984). In the

pulverized treatment, the fine powder was allowed to come to room

temperature (20°C). This required 4 minutes, then 5ml of methanol was

added to the sample. After 30 minutes 10 ml of chloroform was added to

the tissue-methanol slurry; followed by 5 ml of water 15 minutes after.

After 10 minutes the sample was centrifuged at 2800 g for 10 minutes in

order to separate the aqueous phase and the organic phase.

The lower organic phase was retained for chlorophyll determination.

Using the calibration graph (Fig. 2) the chlorophyll content was used to

determine the weight of tissue employed. The ·upper GABA containing

aqueous phase was removed, dried at 60°C and redissolved in 1ml of 0.1

M K+ pyrophosphate buffer pH 8.6. This solution was passed through a 0.8

x 4 cm AG 50 W-X-8 (H+) resin column. The column was equilibrated with

30 ml of water prior to loading the tissue extract. After loading the 1 ml

sample, the column was washed-with 20 ml of water. The GABA
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containing fraction was eluted with 4N NH4 0H. The eluant from 2 ml to 6

ml inclusive was collected, dried and redissolved in 0.5 ml of 0.1 M K+

pyrophosphate buffer pH 8.6 for GABA determination. The ion-exchange

procedure removed pigments which interfered with the spectrophometric

GABA assay.

GABA Determination

The dried eluant of plant extract was redissolved in 0.5 ml of 1 mM

potassium pyrophosphate buffer pH 8.6. GABA levels in the sample were

determined using the commercially available GABAse enzyme assay (Sigma

Chemical Company, St. Louis, MO, USA). In this system 100 JlI of sample

was added to a quartz cuvette (1 cm light path). The following chemicals

were added in sequence: 650 Jll of 1 mM potassium pyrophosphate buffer

pH 8.6, 150 JlI of 0.04 M NADP+, and 50 Jll GABAse (0.067 units of active

enzyme). The cuvette was placed in a Beckman DU-50 spectrophotometer

and an initial absorbance recording was measured at 340 nm. The enzyme

reaction was initiated by the addition of 50 Jll 0.02 M a-ketoglutarate.

This addition resulted in a final cuvette volume of 1 ml. The absorbance at

340 nm was monitored for 40 minutes or until no further increase in

absorbance was observed.

In this enzyme assay GABA is consumed as NADPH is produced. The

production of N ADPH occurs according to this coupled enzyme reaction:
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GADA + aKG "'(-.----).... L-Glu· + succinate semialdehyde

succinate semialdehyde + NADP+ ) succinate + NADPH

The enzyme catalysing the first reaction is GABA transaminase (Ee

2.6.1.19), the enzyme catalysing the second reaction is succinic

semialdehyde dehydrogenase (Ee 1.2.1.16). At the beginning and the end

of a series of assays, the number of active units of GABAse was determined

to ensure that the number of active units of enzyme did not significantly

diminish.

GABA Calibration Curve

A standard 10 rnM GABA solution was prepared. From this aliquo!s

from 0 to 80 JlL were taken and added to 5 rnl of 5 mM MES buffer pH

6.0. Samples were dried under a stream of filtered air in a 60°C water

bath. After complete drying, samples were redissolved in 0.5 ml of 1 mM

potassium pyrophosphate buffer pH 8.6. From this, 100 III samples

containing 0.02 J.1ffiol to 0.16 J.1mol GABA were removed for GABA

determination. For each of the known samples, GABA was determined

using the GABAse enzyme assay. This procedure was repeated three times.

The change in absorbance at 340 nm due to the production of NADPH was

recorded and plotted against J.1ffiol GABA. The line of best fit (Cricket
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Figure 1: The GADA calibration curve.

Standard GABA solutions were prepared in 5 mM MES pH 6.0. The

solutions were dried in a water bath (60°C) under a stream of filtered air.

The resulting sediment was redissolved in 0.5 ml 1 M tetrapotassium

phosphate and the pH adjusted to 8.6. GABA levels were determined using

the GABA~e assay. The experiment was repeated three times and GABA

assays were determined in duplicate. The mean ± SE is indicated.
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Graph) had a regression factor of 0.9903. GABA levels were calculated

using the equation for a straight line: y = mx + b (x = Jlmol of GABA)

Jlmol of GABA = (~ Absorbance - 0.03) / 4.38

The calibration curve does not pass through the origin (the y-intercept is

0.03) because a-KG absorbs somewhat at 340nm. For samples used in the

calibration curve the percentage recovery of GABA was calculated, this

ranged from 90-97 %. Recovery was calculated by comparing the

measured change in Absorbance (i1A at 340 nm) with the theoretical i1A

obtained using the extinction coefficient for NADPH and the assumption

that a stoichiometric ratio of 1: 1 exists between GABA consumption and

NADPH production. For plant extract samples, GABA levels were

expressed as Jlffiol of GABA per gram of fresh weight of tissue (gFW).

The calibration curve relating chlorophyll levels to the weight of the

tissue (Fig. 2) was obtained using 0.1,0.2 and 0.3 grams of mature dark

green soybean leaf tissue and determining the chlorophyll content:

C = 20.2 A645 + 8.02 A663 mg / L (Arnon, 1949). This was employed to

determine the weight of tissue used in a GABA assay, so that GABA levels

could be expressed per gram fresh weight.

Insect Rearing

Oblique banded leaf-roller (Choristoneura rosaCeatla Harris) egg

masses were provided by the Agricultural Canada Research Station,
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Figure 2: The chlorophyll ~ontent/ tissue weight

cali bration cu rve.

The chlorophyll content of 0.1, 0.2, and 0.3 mg of mature soybean leaf

tissue was determined using the equation: C = 20.2 A645 + 8.02 A663 mg / L

This curve was used to convert chlorophyll content into gram FW. This

procedure was used in experiments which measured GABA levels in

crushed tissue as a function of time (Table 2; Fig. 14). The experiment

was repeated three times, the mean ± SE is indicated.
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Vineland Ontario. Individual egg masses, approximately 1 em in diameter,

were maintained on moist Whatman NO.1 filter paper in a Parafilm sealed 5

cm diameter Petri dish. These egg masses were kept at a 16: 8 light: dark

regime at 25°C until hatching. After the female OBLR lays an egg mass it

requires approximately seven days for the eggs to hatch under these

conditions. Once hatching has started, all the eggs will hatch within 5

minutes. A 1 cm diameter egg mass will produce approximately 50 larvae.

Immediately after hatching individual 2 mm larvae were transferred with a

fine paintbrush to a 5 cm or 9 cm diameter Petri dish containing insect diet.

Half the dish contained diet, the other half was left empty. Larvae were

placed on the empty portion of the dish.

Insect Diets

OBLR larvae were reared on three different diets. The first Pinto bean

diet was produced in the lab using specified materials. The other two diets

were commercially available artificial synthetic diets (Omnivorous Leaf

Roller, Bio-Serv, Frenchtown, NJ).

Pinto Bean Diet

The following insect rearing diet has been described previously (Shorey

and Hale, 1965). Fifty grams of Pinto bean (Navy bean, Unico) were

soaked in distilled water overnight. These beans were then rinsed in
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distilled water. 42.7 g of soaked, rinsed beans were added to 100 ml of

distilled water and boiled until foamy. These beans were then drained and

rinsed in distilled water and placed in a Waring blender with 51.5 ml of

distilled water. The beans were chopped on high speed (setting No.3) for

three minutes. The following dry ingredients were added to the blender

after chopping: 6.4 g Brewer's yeast, 0.6 g ascorbic acid, 0.6 g methyl p.

hydroxybenzoate (methyl paraben), 0.2 g sorbic acid and 0.1 g aureomycin.

The contents were stirred and then chopped on high speed (setting No.3)

for one minute. Into 55 ml of distilled water, 2.7 g of agar was disolved,

this solution was heated until thick but not boiling. This was added to the

blender and chopped (setting No.3) for one minute. The cover of the

blender was then removed and the diet was allowed to cool for 2 minutes.

Thirty grams of mixed vitamin solution (leN) was dissolved in 100 ml of

distilled water, Five ml of this solution plus 0.4 ml formaldehyde was

added to the blender after cooling. This solution was stirred and then

chopped on high speed (setting No.3) for 2 minutes.

The weight of the blender container was recorded while empty, the

weight of the container was then taken with all the ingredients added,

giving the total weight of the diet. Given that the density of the insect diet

was approximately 1 g per ml, 10 ml of distilled water or GABA solutions

was added to make diets containing varying levels of GABA. The diets

were chopped for 2 minutes (setting No.3). For the 2.6 micromol GABA
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per gram FW diet, between 6 to 7 ml of 25 mM GABA solution was added

to the blender container depending on the final weight of the diet. For the

11.6 micromol GABA per gram FW diet treatment, between 6 to 7 ml of

250 mM GABA solution was added to the container depending on the final

weight of the insect diet. This was stirred and chopped for 2 minutes.

Onto each 5 cm Petri dish approximately 2.5 g of pinto bean diet was

placed in half of the dish. Dishes with insect diet were allowed to dry in

the fume hood for 15 minutes. Larvae were placed in the Petri dish and the

lid was sealed with Parafilm.

Synthetic Diet

In addition to the Pinto bean diet, OBLR larvae were placed on two

commercially available artificial synthetic diets. These were prepared

according to the given instructions from the supplier Bio-Serv

(Omnivorous leaf roller diet with vitamin solution, Product Number F9696,

Frenchtown, NJ). Agar (8.05 g) was added to 400 ml of distilled water and

brought to a full boil for one minute. The agar solution was put in a

blender with 60.2 g of dry mix and 2.62 ml of vitamin solution. This was

mixed on high speed (setting No.3) for one minute and dispensed into Petri

dishes in the same manner as the pinto bean preparation. For calculating

GABA concentrations a density of 1 g per ml was assumed.
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A second artificial synthetic diet was used in this study (Red banded

leaf roller diet without GABA, Product Number F9964). This diet was

custom ordered to give a control level without any GABA. It was prepared

similar to the first synthetic diet.

Insect Measurements

Experiments were carried out with one larva per dish. The day the

OBLR egg mass hatched was designated as day 0. Individual Petri dishes

were sealed with parafilm and opened on day 10, 17, 24, 31, 38 and 45 for

larval weighing. During the larval rearing, the light conditions remained

16:8 hours light:dark at 25°C. The experiment was repeated four times

with 20 larvae in each treatment group. The final measured GABA

concentrations in the pinto bean diet and synthetic diet were 1.6,2.6 and

11.6 micromol of GABA per gram FW. GABA was found in the diet when

no addition was made, resulting presumably from the plant material in the

pinto bean and in the Bioserv (wheat germ based) diet. In two preference

experiments, larvae were reared in a 9 cm diameter Petri dish containing

separate 2.5 g diets containing 1.6 and 2.6 micromol GABA per gram FW

or 1.6 and 11.6 micromol GABA per gram FW. A third of the dish

contained one type of diet, one third remained empty, and another third

contained a different diet. Larvae were placed one per dish on the empty

portion and weighed at weekly i-ntervals as mentioned above. The %
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survival of the OBLR larvae. was recorded; dead or missing larvae were

included as non-survivors. In addition, the number of days until the larvae

reached pupation was also recorded. Pupation was determined by four

characteristics: no observable larval legs, the beginning of a brown

chrysalis, a decrease in weight, and the production of a relatively large

amount of [rass (insect feces).

In the two preference experiments video tape data of the insect growth

was collected between day 10 and day 40. The growth was recorded for

one minute each day at 11: 00 am. This was used to determine how long

the larvae spent on each diet.
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Results

A. Insect Growth and Development Experiments

The weights of surviving OBLR larvae were measured at weekly

intervals starting on day 10 after hatching and ending on day 45. OBLR

larvae reared on GABA supplemented diets of 2.6 or 11.6 micromol GABA

per gram FW showed a reduction in weight at day 24 and day 3 1 of 66%

and 57% respectively, compared to the weight of the larvae reared on

control diets. At day 38 there appears to be a "catching up~' (1 7%

reduction in weight) of the larvae reared on GABA supplemented diets.

This apparent "catch-up~~ is due to a decrease in the weight of the control

larvae as they enter pupation and the removal of the larvae that have

reached pupation early (Fig. 5). At day 24 and day 31, the Wilcoxon rank

sum test for determining statistical differences between two populations

whose distribution is not normal demonstrated that there was a significant

difference in the mean weights between larvae reared on control diets (1.6

micromol GABA per gram FW) and larvae reared on GABA supplemented

diets (2.6 and 11.6 micromol GABA per gram FW)(P<O.025, T==29)

(Fig. 5).

The GABA levels in the three diets were measured on day 45 using the

GABAse assay (Table 1). These values are similar to those obtained using

an HPLC method to determine GABA levels (see Appendix). OBLR larvae
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reared on control diets required on average 45 days to reach pupation.

This time interval increased from 45 to 70 and 85 days for larvae reared on

2.6 and 11.6 micromol GABA per gram FW respectively (Fig. 6). The

Wilcoxon rank sum test demonstrated a significant difference for the time

required to reach pupation between larvae reared on control diets (1.6

micromol GABA per gram FW) and larvae reared on GABA supplemented

diets (2.6 and 11.6 micromol GABA per gram FW) (P<O.025, T=31). The

larval populations in all three treatment groups showed varied rates of

development. Either the larvae gained weight rapidly from the beginning

and reached pupation by day 45 or failed to develop early and required a

much longer time to reach pupation (stragglers). In the GABA

supplemented diets there were twice the number of stragglers compared to

control conditions.

In terms of survival rates, OBLR larvae reared on control diets

demonstrated a 70% survival rate. This number dropped to 50% and 42 %

for larvae reared on 2.6 and 11.6 micromol GABA per gram FW diets,

respectively (Fig. 7). Non-survivors included larvae that were observed to

be dead and larvae that were missing. The Wilcoxon rank sum test

demonstrated a significant difference for survival rates between larvae

reared on control diets (1.6 micromol GABA per gram FW) and larvae

reared on GABA supplemented diets (2.6 and 11.6 micromol GABA per

gram FW) (P<O.02, T=34).
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There is a 55% reduction in larval biomass for larvae reared on 2.6

micromol GABA per gram FW compared to larvae reared on control diets

on day 38 (Fig. 8). This value is the sum of the weights of all surviving

larvae, it does not include any larvae which have already reached pupation

by day 38. There is a 65% reduction in the total biomass for larvae reared

on 2.6 micromol GABA per gram FW compared to larvae reared on control

diets (Fig. 9). This value is the sum of all larval and pupal weights on day

38. Thus there is a greater reduction in total biomass compared to larval

biomass for larvae reared on GABA supplemented diets.

In preference experiments the larvae were provided with two different

diets in one Petri dish, one control (1.6 micromol GABA per gram FW) and

the other 2.6 or 11.6 micromol GABA per gram FW. The growth and

developmental rates for these larvae reared in the preference experiment

were not significantly different to larvae reared on control diets exclusively

according to the Wilcoxon rank sum test (P<O.02, T=31) (Fig. 10). Video

tape data showed OBLR larvae on the 1.6 micromol GABA per gram FW

portion of the preference test 58% of the time, 13% on neither diet, and

29% on the 2.6 micromol GABA per gram FW. These recordings were

taken daily for one minute after day 10 until day 40. In the second

preference experiment the larvae spent 63% of the time on the 1.6

micromol GABA per gram FW diet, 16% on neither diet, and 21 % on the

11.6 micromol GABA per gram FW.
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The actual amount of each diet consumed was not measured. The data

suggest that larvae are able to discriminate between the control and GABA

supplemented diets.

In order to test the amino acid specificity of GABA as an OBLR

growth inhibitor, fOUf other amino acids L-glutamate, L-alanine, L-Iysine,

and tryptamine were added as supplements into the insect diets at similar

concentrations to GABA. The larval length data (and the derived larval

weight data) indicate no significant reduction in growth for larvae reared

on L-Glu, L-Ala, L-Lys, and tryptamine supplemented diets compared to

the control diet (Figs. 11 and 13). This was determined using the

Wilcoxon rank sum test (P<O.05, T==29) on day 26 and 33. However, there

was a significant difference (Wilcoxon Test P<O.05, T=34) between the

weights of larvae reared on the control diet compared to larvae reared on

the GABA supplemented diets on day 26 and 33. This indicated that the

inhibition of growth and development of the OBLR reared on GABA

supplemented diets cannot be attributed to a nonspecific toxic effect of

elevated amino acid levels.
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Figure 3: The rearing cOD.ditions for the OBLR larvae.

By day 38 there is an inhibition of growth and development of OBLR larvae

reared on GABA supplemented diets. In this photograph 1.6, 2.6 and'

11.6 mM all correspond to 1.6, 2.6 and 11.6 micromol GABA per gram FW

In the control diet (non-GABA supplemented diet, 1.6 micromol GABA per

gram FW) the larva is close to pupation, and there is a large amount of

frass.
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Figure 4: A representative sample of OBLR reared on GADA

supplemented diets on day 38.

For this photograph 10 larvae were reared in each group. In the control

group (1.6 mM GABA) 8 survived and 4 reached pupation by day 38.

In the 2.6 mM GABA diet, 7 larvae survived and one reached pupation.

There are only 4 survivors in the 11.6 mM GABA treatment group. 1".6,

2.6, and 11.6 mM GABA all correspond to 1.6, 2.6, and 11.6 micromol

GABA per gram FW.
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Table 1 : The GABA Levels in the Diets.

GABA Added
~lmol GABA per gram Fresh Weight
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Control 1 10

( ~mol GABA per gram Fresh Weight)

Pinto Bean Diet

Synthetic Diet

Synthetic Diet
(custom order)

1.63 ± 0.04

1.61 ± 0.03

0.57 ± 0.04

2.62 ± 0.04

2.64 ± 0.06

1.58 ± 0.05

11.60±0.09

11.64 ± 0.07

lO.68±O.14

The GABA levels in the diets were measured on day 45 using the GABAse

assay. These measurements were repeated three times, the mean ± SE is

indicated. Similar results were obtained using high performance liquid

chromatography (see Appendix). No larvae survived on the custom

ordered synthetic diet with or without added GABA, this diet was not used

for any insect measurements.
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Figure 5: The influence of increasing GABA levels in the diets on the

weight of developing OBLRlarvae.

The growth was measured by weighing the larvae at weekly intervals for 45

days. Prior to weighing, each larva was immobilized by placing on ice for

30 seconds. Larvae were transfered from the Petri dish to the ice pack and

then to the balance with a fine paintbrush. The experiment was repeated

four times with 20 larvae in each treatment group (see Fig. 7 for the

survival rates). The mean and ± SE is indicated.
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Figure 6: The influence of increasing GABA levels in the diet

00 days to pupation in developing OBLR larvae.

Development was measured as the number of days required for pupation to

begin. There are four characteristics common to the beginning of pupation:

the formation of a brown chrysalis, the disappearance of larval legs, a

decrease in larval weight and the production of a relatively large amount of

frass. The experiment was repeated four times with 20 larvae in each

treatment group (see Fig. 7 for survival rates). The mean ± SE is

indicated.
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Figure 7: The influence of increasing GADA levels in the diet,

on % survival in developing OBLR larvae.

The survival was measured as the % of larvae which had survived to day

45. Dead and missing larvae were categorized as non-survivors. The

experiment was repeated four times with 20 larvae in each treatment group.

The mean and ± SE is indicated.
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Figure 8: The influence of increasing GABA levels in the diet on the

larval biomass in developing OBLR larvae on day 38.

The weight of survivors (larvae only) in each treatment group was summed

at day 38. The experiment was repeated four times with 20 larvae in each

treatment grou p.
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Figure 9: The influence of increasing GADA levels in the diet on the

total biomass in developing OBLR larvae on day 38.

The weight of survivors (larvae and pupae) in each treatment group was

summed at day 38. The experiment was repeated four times with 20 larvae

in each treatment group.
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Figure 10: The mean weight of OBLRlarvae in preference

experiments on day 38.

OBLR larvae were reared on non-GABA supplemented diets (1.6 IJ,ffiol

GABA per gram FW) and on GABA supplemented diets (2.6 and 11.6 J.1mol

GABA per gram FW). For the preference experiments OBLR larvae were

reared in 9 em Petri dishes with two different diets: 1.6 and 2.6 Jlmol

GABA per gram FW or 1.6 and 11.6 J-Lmol GABA per gram FW. The

experiment was repeated three times with 20 larvae in each treatment

group. The mean weight of the survivors at day 38 and ±SE is indicated.
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Figure 11: The influence of five different amino acid supplemented

diets on the length of developing OBLR larvae.

To test the amino acid specificity of GAB A-inhibited growth, four other

amino acid supplemented diets were used ( 0 control, • I mM GABA,

o ImM Ala, • ImM Lys, ..1 ImM Glu, ... ImM Trp). This experiment was

repeated three times with 20 larvae in each treatment group, the mean

larval length is shown.

25 ----------------------.

58

20

.....-....
E 15E.......,

.c...
C) 10c:
CD

..J

5

o L--L---l.-..a..-.....L---'-.l---'----1-~--L..----J,-....L..-......r--L--......--..40

o 5 1 0 15 20 25 30 35

Days



Figure 12: The OBLR length/weight calibration curve.

The lengths and the corresponding weights of 40 larvae reared on non-

GABA supplemented diets were recorded in order to convert the length

into a weight measurement.
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Figure 13: The influence of five different amino acid supplemented

diets on the weight of developing OBLR larvae

(derived data).

Using the OBLR length/weight calibration curve (Fig. 12) the length data

were converted to weight measurements ( 0 control, I 1mM GABA, 0

ImM Ala, • ImM Lys, ~ ImM GIu, ~ ImM Trp). The GABA

supplemented diet produced a significant reduction in larval weights

(Wilcoxon, P<O.05) compared to the other diets.
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B. Plant Mechanical Stimulation or Damage Experiments

The first experiment with soybean leaves was carried out to determine

the time course for any increase in GABA due to mechanical damage of leaf

tissue. A dark green mature leaf from the third trifoliate was detached and

placed in a mortar and pestle and ground for 30 seconds, a sample of leaf

tissue was transfered to liquid N2 at this time. After an additional 30

seconds at room temperature another sample of leaf tissue was similarly

transfered. After 90 seconds and after 210 seconds two more samples were

taken. Samples were analyzed for GABA and chlorophyll (Table 2). The

chlorophyll content was then converted to weight of tissue (Fig. 2) in order

to express GABA levels per gram FW. Levels of GABA in leaves

transfered directly to liquid N 2 were found to be around 0.05-0.08

micromol GABA per gram FW. Within 30 seconds of crushing this value

increased to 1.2 micromol GABA per gram FW, a 14- fold increase (Fig.

14). This indicates a rapid and large increase in GABA in response to

mechanical damage. The mechanical damage treatment was used to

simulate the feeding activity of phytophagous insects. A surface pH

electrode was used to measure the pH of soybean leaf tissue crushed for 30

seconds and this indicated a sap pH of 5.4.

Non-damaging mechanical stimulation treatments included rolling the

soybean leaf six times, brushing-the surface of the leaf with a nylon brush,
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and touching the surface of the leaf with a plastic rod. Each treatment

lasted 30 seconds. After an additional 30 seconds at room temperature the

leaf was detached and placed in liquid N 2 . These experiments simulated the

non-damaging effect of insect movement on leaves. No observable damage

was seen on these leaves at the time or 24 hours after the mechanical

stimulation treatment. These three treatments resulted in GABA levels

rising to 0.83-0.99 micromol GABA per gram FW, a 10- fold increase in

GABA (Table 3). The GABA levels in leaves treated with mechanical

stimulation for 30 seconds and left intact for 24 hours returned to resting

levels of GABA (Table 4). Mechanical stimulation (rolling for 30 s) of two

leaves in the trifoliate did not result in a change in the level of GABA in an

adjacent leaf within the one minute treatment time (Table 4).

Treatments resulting in the damage of leaf tissue resulted in the

greatest increases in GABA. Crushing the leaf for 30 seconds, maintaining

the sample for an additional 30 seconds at room temperature and then

placing the sample in liquid N2 to stop GABA synthesis, resulted in an 18

fold increase to 1.54 micromol GABA per gram FW. In the pulverizing

treatment, the unstimulated leaf was first placed into liquid N2 and

pulverized to a fine powder. This powder was brought to 20°C in four

minutes. The GABA level increased 26-fold to 2.15 micromol GABA per

gram FW (Table 3). The pulverizing treatment probably causes the most
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damage to the cellular compartmentation, and results in the highest

increase in GABA values.

Field observations of OBLR larvae were taken in Vineland, Ontario in

July 1995 in a pesticide free apple orchard. These observations

demonstrated that 90% of the OBLR larvae were found on light green

expanding leaves at the terminal apex of the branches (Fig. 15). The

remainder were found on mature dark-green leaves further back from the

apex. Both immature and mature apple leaves had the same resting level of

GABA, 0.1 micromoI GABA per gram FW. Upon crushing for 30 seconds

and an additional 30 seconds the GABA levels in immature leaves increased

to 1.11 micromol GABA per gram FW. However, the same treatment on

mature apple leaves resulted in GABA levels increasing to 1.68 micromol

GABA per gram FW (Table 5). The Wilcoxon test demonstrated a

significant difference (P<0.05) between 1.11 ± 0.03 and 1.68 ± 0.05. Thus,

it appears that OBLR larvae predominantly frequent immature leaves that

have a reduced capacity to produce GABA upon mechanical damage.

OBLR stimulation of GABA values in soybean leaves was investigated.

A 0.16 gram OBLR larvae was placed on a mature soybean leaf for 5

minutes (Fig. 16). During this time the larva moved on the leaf but did not

eat any leaf tissue. This activity caused GABA level to increase 5-fold to

0.44 micromol GABA per gram FW (Table 6). This value is low compared

to the values in the three mechanical stimulation treatments (0.44 compared
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to 0.91 micromol GABA per,gram FW). This suggests that the GABA

response to mechanical stimulation may be localized to areas directly in

contact with the larvae.
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Table 2: The increase in GABA levels due to the crushing of
Soybean Leaves.
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Time
(s)

Jlffiol GABA chlorophyll
(mg)

tissue weight
(g)

Jlmol GABA
per g FW

0 0.007 ±0.OO3 0.39 ± 0.08 0.13 ± 0.03 0.05 ± 0.02

30 0.10±O.02 0.27 ± 0.09 0.09 ± 0.02 1.11 ± 0.13

60 0.28 ± 0.06 0.72±0.11 0.24 ± 0.09 1.16 ± 0.04

120 0.22 ± 0.03 0.51 ±0.O7 O.17±O.O5 1.29 ± 0.22

240 0.32 ± 0.02 0.63 ± 0.13 0.21 ± 0.02 1.52 ± 0.26

GABA levels were determined using the GABAse assay. Chlorophyll

content was determined in order to convert this measurement into micromol

GABA per gram FW (see Fig. 2). This time course experiment was·

repeated three times, the mean ± SE is indicated.



Figure 14: The increase in GAB A levels due to the

crushing of soybean leaves.

Mature dark green soybean leaves from the third trifoliate were used in

each experiment. Time Zero represents a detached leaf immediately

immersed into liquid N2 . Time 30 represents a leaf which was crushed for

30 seconds and then a sample was immersed in liquid N 2 . At time 60, 120,

and 240 seconds the tissue was crushed for 30 seconds and samples were

removed for analysis after a further 30,90, and 210 seconds respectively.

GABA levels were converted from micromoI GABA per mg chI to micromol

GABA per gram FW (Fig.2, Table 1). The experiment was repeated three

times and the mean ± SE is indicated.
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Table 3: The Mechanical Stimulation of Soybean Leaf Tissue

and GABA Synthesis.
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Treatment Jlffiol GABA/ gFW % Increase

Control 0.08 ± 0.02 0

Roll 0.99±0.08 1137

Brush 0.90 ± 0.07 1025

Touch 0.83 ± 0.06 938

Crush 1.54±0.12 1825

Pulverize 2.15 ± 0.11 2587

In each case a mature dark green leaf from the third trifoliate of soybean

was used. For the control treatment the leaf was detached from the plant

and immediately immersed in liquid N 2 , and GABA was determined. For

the non-damaging stimulation (roll, brush, touch) mechanical stimuli were

applied to an intact leaf for 30 s. Following a subsequent 30 s period, the

tissue was immersed in liquid N 2 , and GABA was determined. In the crush

experiment, an intact leaf was detached from the plant and crushed in a

mortar with a pestle for 30 s. Following a subsequent 30 s period, the

damaged leaf tissue was covered with liquid N 2 , and GABA was

determined. In the pulverize treatment, an intact leaf was detached from

the plant, immersed in liquid N 2, pulverized to a fine powder in a mortar

and pestle. After a 4 minute exposure to 20°C, GABA was determined.

Each experiment was repeated three times, and GABA was determined in

duplicate.



Table 4: The GADA levels in a rolled soybean leaf after 60 s, after

24 hrs, and in an adjacent leaf.
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Treatment

Control

Roll + 30 s

Roll + 24 hrs

Adjacent leaf

Ilffiol GABA per gram FW

0.05 ± 0.02

0.89 ± 0.07

0.07 ± 0.03

0.08 ± 0.03

Using a mature trifoliate, one leaf was immediately immersed into liquid

N 2 . This was the control measurement. Another leaf was rolled six times

over 30 s and after another 30 s immersed into liquid N 2 . The third leaf

was rolled and left attached for 24 hrs, then placed into liquid N 2 . Using

another mature trifoliate, the two outer leaves were rolled six times and

after 30 s the adjacent central leaf (not treated) was then placed into liquid

N 2 . GABA levels were measured using the GABAse assay (see Materials

and Methods). This experiment was repeated three times the mean ± SE is

indicated.



Figure 15: The location of.OBLR larvae on apple leaves.

90% of OBLR larvae are found on terminal leaves. These light green

immature leaves are rolled and fed upon. The photograph was taken July

1995 in Vineland, Ontario.
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Table 5: GABA Producing Potential of Mechanically

Damaged Apple Leaves.
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Immature
Leaves

Mature
Leaves

OBLR Location

90 %

10 %

Control
Jlmol GABAlgFW

0.09 ± 0.04

O.11±O.05

Crushed
Jlffiol GABAJgFW

1.11±0.09

1.68 ± 0.24

The location of the OBLR larvae are the result of field observations in

Vineland Ontario, mid-July 1995. Immature leaves were defined as light

green leaves at the terminal apex of the branches, 100 branches were

observed. Mature leaves were dark green and were found further back (2

nodes) from the apex. For the control treatment, the leaf (immature or

mature) was detached from the branch and immediately immersed into

liquid N 2 , and GABA was determined. For the crush treatment, the leaf

(immature or mature) was detached from the branch and crushed in a

mortar and pestle for 30 s. Following an additional 30 s period, the tissue
~

was covered with liquid N 2 , and GABA was determined. This experiment

was repeated three times, the mean ± SE is indicated.



Figure 16: The OBLR ambulatory stimulation of a soybean leaf.

~ An OBLR larva (0.16 gram) was placed on a mature soybean leaf and

allowed to move for 5 minutes. The larva did not feed on the leaf. The

effects of this stimulation is described in Table 6.
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Table 6: The OBLR Ambulatory Stimulation of Soybean Leaf Tissue

and GABA Synthesis.
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Treatment

Control

OBLR Stimulation

Jj.mol GABA/ gFW

0.08 ± 0.03

0.37 ± 0.05

% Increase

o

363

In each case a mature dark green leaf from the third trifoliate of soybean

was used. For the control treatment the leaf was detached from the plant

and immediately immersed in liquid N2 , and GABA was determined. For

the OBLR ambulatory treatment, a 0.16 gram OBLR larvae was applied to

an intact leaf for 5 min. Following a subsequent 30 s period, tissue was

immersed in liquid N 2 , and GABA was determined. This experiment was

repeated five times, the mean ± SE is indicated.



Discussion

1. The mechanism of rapid GABA synthesis in response to mechanical

stimulation or mechanical damage of leaf tissue.

A. Properties of GAD (H+ and Ca2 + activation)

The rapid accumulation of GABA in response to various environmental

stimuli (Wallace et al., 1984; Satya Narayan and Nair, 1990) precludes the

de 110VO synthesis of GAD as the mechanism responsible for GABA

accumulation. The levels of GABA are thought to be controlled through

the activation of GAD. It has been established that GAD is exclusively a

cytosolic enzyme (Breitkreuz and Shelp, 1995). Both ill vivo (Crawford et

aI., 1994; Carroll et al., 1994) and in vitro (Snedden et aI., 1995; Arazi et

aI., 1995) data demonstrate that increases in the cytosolic pH or Ca2
+

stimulate GAD activity. However, an ill vivo demonstration of Ca2
+

stimulated GABA synthesis has not yet been published. Recent literature

suggests that GABA production and concomitant H+ consumption

ameliorates cytosolic acidification which is associated with hypoxia and

other stresses. In one study cell acidification was promoted using hypoxia

or the addition of butyrate to isolated asparagus mesophyll cells. The

latter treatment reduced the cytosolic pH by 0.60 units and increased

GABA levels by 300% within 15 seconds (Crawford et al., 1994). In

another study, ammonium assim-ilation by aerated suspension cultures of
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carrot cells caused a decrease in cytosolic pH of 0.2 pH units. This

eventwas followed by the accumulation of GABA. The activity of GAD

increased as the cytosolic pH declined and decreased as the pH recovered

(Carroll et al., 1994). The findings of both these studies are consistent

with a role for the glutamate decarboxylation, a proton-consuming

reaction, in the short term regulation of cytosolic pH. However, not all

treatments that induce GABA synthesis are associated with declines in

cytosolic pH (Crawford et al., 1994). Thus, other factors appear to be

involved in the activation of plant GAD.

GAD is a Ca2
+/CaM-binding protein (Baum et al., 1993). Many of the

stresses that cause an increase in GABA accumulation also cause increases

in cytosolic Ca2~. Mechanical touch, cold shock and fungal elicitors all

cause increases in cytosolic Ca2
+ in transgenic tobacco seedlings. This was

demonstrated through the use of the bioluminescent protein aequorin which

luminesces blue upon binding to Ca2
+ (Knight et al., 1991). Ca2

+ is an

important messenger in plant signal transduction and fluxes of Ca2
+ are

involved in the physiological responses to a variety of environmental

stresses (Pooviah and Reddy, 1993). Ca2
+ exerts its modulatory properties

by reversibly binding to specific target proteins, one of which is CaM.

Upon binding Ca2
+, CaM undergoes a conformational change that

facilitates its binding to different target proteins. Because CaM has no

known enzymatic activity of its own, it is through the stimulation of these
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target proteins that CaM mediates the Ca2
+ response to many diverse

stimuli (Snedden et al., 1995).

At a pH of 7.0 in vitro GAD is stimulated 4-fold by the addition of

optimal concentrations of Ca2
+ and CaM. On decreasing the pH from 7.0

to 5.8, GAD is stimulated 12-fold, but Ca2 -+-/CaM is no longer stimulatory

(Snedden et al., 1995). In terms of GAD activation, the pH appears to be

analogous to coarse control and Ca2
+ seems to correspond to fine

adjustment. In the present study, crushing of soybean leaf tissue for 30

seconds with a mortar and pestle resulted in a sap pH of 5.4. This value is

close to the pH optimum of GAD 5.8 (Snedden et al., 1992). The data

obtained from the crushing treatments suggest that decreased pH levels are

primarily responsible for GAD activation and rapid GABA accumulation in

these cases (Table 2,3; Fig. 14). The crushing treatments are to simulate

the feeding activity of phytophagous insects on leaf tissue.

2. Evidence consistent with the hypothesis that rapid GABA synthesis

is a plant defense strategy against phytophagous insect.

The hypothesis presented in this thesis proposes that phytophagous

insect activity disrupts the normal cellular compartmentation, which

stimulates GABA synthesis, which in turn inhibits the growth and

development of insect larvae (Fig. 17). Cytosolic H'" levels and Ca2
+ levels

are maintained 10 to 100 fold lower in the cytosol compared to the
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Figure ~1: Model showing the proposed mechanisms by which GABA
76

synthesis may be increased when phytophagous insect activity results in

damaging or non-damaging mechanical stimulation of leaf tissue.

Mechanical
Damage

APOPLAST CYTOSOL VACUOLE

2+ 2+ 2+
rCa ] h i rCa ] 10 rCa ] hi

[H +] h i
+ +

[H ] 10
[H ] hi

2+
Mechanical --------1... [Ca] --~~----

Stimulation + /
Calmodulin t

m 2 • H+

"-GNJI
GABA ~----+-

(Growth Inhibitor ?)

GABA GW



apoplast and vacuole (Bush, 1993; Bush, 1995). Disruption of the cell

membrane or the tonoplast will allow for the entry of H+ and Ca2
+ into the

cytosol where GAD is sequestered. Activation of GAD results in the rapid

accumulation of GABA, which is presumably injested by phytophagous

insects.

A. Simulation of insect activity on leaves and GABA synthesis

Soybean (Glycine max [L.] Merr) leaves contain a level of GABA

around 0.05 micromole per gram fresh weight (Table 2). The concentration

increased to 1.54 to 2.15 micromole per gram fresh weight after mechanical

damage to the soybean leaves (Table 3). A gentle rolling of the soybean

leaflets before detachment also triggered the accumulation of GABA from

0.08 to 0.99 micromole per gram fresh weight (Table 3). An increase in

GABA was detected after rolling the leaflets twice (Wallace et aI., 1984).

After more extensive rolling (six times) of two leaflets of the trifoliate leaf,

the remaining leaflet showed no change in GABA levels (Table 4). This

indicates that GABA increases are localized and restricted to the stimulated

tissue.

Plant responses to stress conditions can be divided into localized and

systemic resistance. Jasmonic acid and its methyl ester, methyl jasmonate,

are naturally occurring regulators of higher plant development, responses

to external stimuli, and gene expression (Creelman and Mullet, 1995).
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Several physiological roles have been described for this compound during

plant development and in response to biotic and abiotic stress. Methyl

jasmonate has been proposed as a key regulator of plant responses to

pathogens and insects. This role was suggested when low concentrations

of methyl jasmonate were found to induce genes encoding proteinase

inhibitors (Farmer and Ryan, 1990). The role of jasmonic acid in plant

defense was further supported by the finding that wounding and pathogen

elicitors induce accumulation of jasmonic acid (Enyedi et al., 1992).

In one study GABA increases were associated with a corresponding

decrease in L-Glutamate levels indicating the latter as the source of GABA

(Wallace et al., 1984). The findings of this study (Table 3) are consistent

with the work of Wallace et al. (1984). Rapid GABA increases due to the

mechanical stimulation (rolling) and mechanical damage (crushing) of

soybean leaflets were obtained. Wallace et ale (1984) did not mention how

long each treatment lasted nor how long after the treatment GABA was

assayed. In this study each treatment lasted for 30 s and after an

additional 30 s, the samples were collected directly into liquid N2 ,

pulverized in liquid N2~ and the frozen powder extracted with methanol to

inactivate enzymes.

Since GABA levels increased rapidly in response to relatively common

experimental procedures, it is necessary to take proper precautions to

minimize such changes in amino acid composition during the sampling of
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the plant material (Wallace et al., 1984). It is the addition of methanol,

not liquid N2 , which permanently inactivates GAD activity.

Wallace et al. (1984) stated that GABA accumulation results from some

change in intracellular compartmentation of the cell triggered by

mechanical stimulation or damage. Intracellular damage resulting in a

lowering of cytosolic pH would favour GAD activity, which has a pH

optimum of 5.9 (Snedden et al., 1994) versus GABA transaminase activity,

which has an optimum pH of 8.9 (Streeter and Thompson, 1972). In a

prophetic statement, Wallace et al. (1984) suggested: "It is likely that

insects feeding on leaves would trigger the induced accumulation of GABA

and this would have a profound effect on their feeding habits." Because

GABA is an inhibitory neurotransmitter in insects (Walker et al., 1980) the

mechanically induced accumulation of GABA (Table 3; Wallace et aI.,

1984) may provide a plant defense strategy agaist phytophagous insect

activity. In this study, to simulate non-damaging insect activity, leaflets

were touched, brushed or rolled for 30 s prior to immersion in liquid N2

after a further 30 s (Table 3). These treatment resulted in a 1000%

increase in GABA levels. To simulate mechanical damage caused by

phytophagous insect activity, leaflets were crushed in a mortar and pestle

or pulverized in liquid N 2 and brought to 25°C (Table 3). These treatment

resulted in a 1600% increase in GABA levels. Five minutes of non-
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damaging, ambulatory OBLR activity on a soybean leaflet resulted in a

400% increase in GABA levels (Table 6).

B. The concentration of GABA in leaf tissue and synthetic diets

There are interesting reports in the literature that GABA content

increases with leaf age. The amount of GABA increases in the leaves of

Sa/vinia 11atans, Medicago sativa and Datura suaveo/ens with the age of

the leaves. In the case of Salvinia natans, the amount of GABA in old

leaves is about twice as much as in young leaves, 3.0 micromole per gram

fresh weight versus 1.5 micromole per gram fresh weight. In Salvinia

natans, Medicago sativa and Datllra SlJaVeo/ens the amount of GABA

reaches its greatest value in the third to sixth leaf from the terminal leaf.

This increase in the amount of G ABA with respect to the age of the leaves,

is reflected in the developmental stages of leaves. In Sa/vi/1ia nata/Is the

third or fourth leaf is full grown, in Medicago sativa and Datllra

sllaveo/efls this stage is reached in the seventh or eighth leaf (Lahdesmaki,

1968). The values for GABA obtained by Lahdesmaki (1968) are similar to

the values obtained for mechanically damaged soybean leaves (Table 3). It

is probable that GABA levels measured by Lahdesmaki (1968) increased

during the sampling and drying of leaf tissue prior to analysis. In this

study (Lahdesmaki, 1968) the GABA levels were measured using thin-layer

chromatography. The correlation between the amount of GABA and the
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age of the leaves supports the supposition that the accumulation of GABA

is related to a slowdown and cessation of growth processes, and protein

synthesis (Kharkin, 1964). Overall metabolism and protein synthesis are at

a lower rate in stressed or older plant tissues and demand for glutamate is

reduced (Satya Narayan and Nair, 1990). In addition, increased proteolyis

is known to occur under these conditions which would add more glutamate

to the free amino acid pool (Stewart and Larher, 1980). The net result is

that there is an increased availability of glutamate for GABA synthesis in

older leaves. Increased GABA levels correlate with decreased protein

synthesis in legume leaves of different ages and an increased

GABA/glutamate ratio can be taken as an index of inhibition of growth and

protein synthesis (Kharkin, 1964).

The GABA levels quoted above lie within the concentration range

where GABA becomes inhibitory in terms of larval growth and

development. Increasing the GABA concentration from 1.6 to 2.6

micromole per gram fresh weight in the GABA supplemented synthetic diet

reduced the growth rates, developmental rates, and survival rates of

cultured OBLR larvae (Fig. 5; Fig. 6; Fig. 7). Pulverizing soybean leaf

tissue gives the highest GABA level (Table 3), and is the mechanical

treatment most closely simulating the disruption arising from phytophagous

activity.
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C. GABA concentrations in other plant tissues

The occurrence of GABA has been shown in virtually every plant tissue

that has been examined. GABA is present in the root nodules of certain

legumes (Antoniw and Sprent, 1978). Analysis of the free amino acid pool

in Asparagus sperengei demonstrated that, on a molar basis, GABA

represented 11.4, 19 and 6.5% of the amino acids in the xylem sap, intact

cladophyll tissue, and isolated mesophyll cells, respectively. Compared

with intact cladophylls, the levels of GABA in isolated cells was relatively

low. This result may be explained by GABA eflux from isolated cells

(Chung et al., 1992). GABA is also found in the phloem sap (Ito and

Kumazawa, 1976; Servaites et al., 1979). GABA is found at high

concentrations, ranging from 0.03 to 32.5 micomole per gram fresh weight.

These concentrations often exceed those of many protein amino acids

(Dixon and Fowden, 1961). GAD activity extracted from developing

soybean seed coat was measured at 721 nmol per min per mg of protein

with optimal Ca2
+ and CaM concentrations. In the developing cotyledons,

root and leaf tissue~ corresponding GAD activity was 4.96, 68.9 and 10.3

nmol per min per mg of protein (Snedden et al., 1995). The differences

observed in specific activity of GAD from different tissues may reflect

different states of activation, multiple forms of GAD, or differing degrees

of contamination by CaM or proteolysis of GAD (Snedden et al., 1995).

Different forms of GAD with distinct properties and perhaps metabolic
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roles have been reported for barley embryos and roots (Inatomi and

Slaughter, 1975). An alternative explanation for the differences in GAD

activity in different plant tissues may be linked to the investment placed in

that particular tissue in terms of plant defenses. The seed carries the

highest investment, thus, the 10-100 fold increase in GAD activity in the

developing seed coat, compared to other plant tissues, may represent a

possible defense against insects feeding on the seed.

D. The OBLR life history

The oblique banded leaf-roller, or codling moth (Choristol1ellra

rosaceafla Harris) occurs most often in mature commercial apple orchards.

This species of moth has two generations per year. The OBLR is a problem

in newly planted apple orchards or in young orchards just beginning to bear

fruit. The OBLR is not a serious problem in apple orchards that receive

regular insecticide treatments 'for codling moth (Brunner and Beers, 1990).

However, a recent study has demonstrated increased resistance of the

OBLR to three insecticides (Carriere et al., 1995).

The adult OBLR is a tan coloured moth 2-3 cm long. The main

distinguishing characteristic of this moth is the banding pattern on the

wings. When the moth is a rest, a darker tan or brown band obliquely

crossing the middle of each wing appears to join at the center. OBLR

larvae occur most often either inside a leaf space created by an upward roll
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of a leaf maintained by silk webbing, or beneath a leaf which is attached to

an apple with silk webbing (Brunner and Beers, 1990). Hence, the

appropriate name: oblique banded leaf-roller.

The OBLR overwinter as first, second or third larval instar larvae

within a silken case or hibernaculum. The hibernaculum is located in

protected areas of the scaffold limbs, in pruning scars or small crevices in

the bark. Young larvae of the overwintering generation become active in

the spring as fruit buds begin to open. These young larvae bore into

opening buds and later feed on expanding leaves (Brunner and Beers,

1990). Fieldwork in Vineland, Ontario has demonstrated that 90% of the

OBLR larvae are found on light green young leaves at the terminal apex of

the branches. The remainder were found on dark-green mature leaves

further back from the apex (Table 5; Fig. 15). The young leaves produce

only half the GABA levels that mature leaves produce upon crushing (Table

5). It appears that OBLR feeding larvae are found predominantly on young

light green leaves which have a reduced capacity to produce GABA upon

mechanical damage (Table 5). The levels of GABA that an insect will

encounter in crushed mature apple leaves are within the range of GABA

levels (between 1.6 and 2.6 micromoles of GABA per gram fresh weight)

that are found to inhibit the growth and development of the OBLR (Figs. 5

9). Evidence of phytophagous damage was found on both light-green and

dark-green leaves. However, it is not clear at what stage in leaf

development the damage had occurred, or which organism caused the
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damage. In the field it was noticed that another species, the gypsy moth

exhibited the same feeding behaviour as the OBLR, frequenting young

terminal leaves.

E. Developmental Delay

The first adults of the overwintering generation appear from late May

to early June. This generation will lay eggs in early August, and these will

hatch in September. The time until pupation is usually 40-45 days

(AliNiazee, 1986; Brunner and Beers, 1990). This time to pupation was

also observed with larvae reared on the non-GABA supplemented diets (Fig

6). The newly hatched larvae feed for a short time on foliage and fruit.

before moving to scaffold limbs and constructing hibernacula in October,

where they will remain until the following ivIay (Brunner and Beers, 1990).

Diapause is a period of arrested growth and activity in insects. It

occurs in response to hormonal changes (Schuh and Mote, 1948). The

weight data, the days to pupation data, the percent survival data, and the

total biomass data all suggest that GABA supplemented diets may cause an

induced diapause in cultured OBLR larvae (Fig. 6). Larvae on the non

GABA supplemented diets (1.6 micromoles of GABA per gram fresh

weight) exhibited an accelerated increase in weight between day 17 and 38.

After day 38 there is a decrease in the mean weight of the larvae. This is

explained by the loss of water prior to pupation, and the large amount of

frass produced just before pupation (Fig. 3). In the GABA supplemented
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diets (2.6 and 11.6 micromole of GABA per gram fresh weight) there is a

slow gradual increase in larval weight until day 31, then a period of

accelerated weight gain is followed by another slowdown in development.

By day 45 there is no significant difference in the weights of larvae grown

on the three diets. However, the weight measurements reported are the

mean weights of the survivors, and do not include larvae that have reached

pupation. By day 45 approximately half of the control larvae had reached

pupation and this population is not included in the mean weight statistic.

At this point approximately 70% of the control group had survived on the

control diets as larvae or pupae. In contrast, on the GABA supplemented

diets, only one fifth of the larvae have reached pupation by day 45, and at

this point there is only a 40% survival rate. The data appear to show a

"catching up" of the larvae reared on GABA supplemented diets, but this

perception is skewed by reporting only the mean weights of the survivors.

The percent survival is another way of describing the inhibition of growth

and development of the OBLR reared on GABA supplemented diets. In

four trials each with 20 larvae, there is a consistent 70% survival rate for

the control treatment and a 45% survival rate for larvae reared on GABA

supplemented diets (Fig. 7). The mechanism responsible for decreased

survival rates for larvae reared on GABA supplemented synthetic diets is

not known. In each treatment group there was a large degree of natural

variation.
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The larval biomass (Fig. 8) for each treatment group demonstrates

more clearly the increased growth and developmental rates for larvae

reared on control diets compared to GABA supplemented diets. At day 45

there is a 55% reduction in the biomass for larvae reared on GABA

supplemented diets. These data incorporate the percent survival in each

treatment group. However, the pupal weight is not included. When the

pupal weight is included the total biomass demonstrates a 65% reduction

for larvae reared on GABA supplemented diets (Fig. 9).

The days to pupation (Fig. 6) indicates that an induced diapause may

explain the inhibition of growth and development of larvae reared on

GABA supplemented diets. In the field (AliNiazee, 1986) and in the

cultured control treatments (Fig. 6) it requires approximately 45 days from

hatching for the larvae to reach pupation. There is a common time period

for pupation for both field larvae and larvae reared on non-GABA

supplemented diets in the lab. The complete disappearance of larval legs

and the beginning of a brown crysalis indicates pupation in this study. For

larvae reared on GABA supplemented diets it requires approximately 70-80

days to reach pupation. This demonstrates a long period of inactivity for

larvae reared on GABA supplemented diets. Again, the mechanism involved

in a possible GABA induced diapause is not known.

Since the OBLR has two generations a year, increasing the period until

pupation for the first generation may have a drastic effect on the size of

the population in the second generation. In an eight year study in
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Willamette Valley, Oregon, AliNiazee (1986) noticed that the second

generation was generally much smaller than the first generation. Weather

conditions and the degree of larval parasitization were responsible for the

smaller size of the second generation (AliNiazee, 1986).

Diapause may be a response used to avoid any environmental stimulus

which is detrimental to the normal growth of the insect. Insecticide-

induced mortality can produce evolutionary changes in diapause propensity

in the OBLR. The higher the propensity to enter diapause in insecticide-

treated rather than in insecticide-free populations of OBLR suggests that

diapause is a selective response to avoid the effects of insecticide

treatments (Carriere, 1992). A constant high temperature of 32°C slows and

eventually stops the development of the OBLR. However, when

temperatures above 30°C were frequent, a large increase was noticed in

diapause induction. Thus the larvae were capable of avoiding the lethal

effect of extreme temperature. This suggests that during years with many

days of near-lethal high temperatures, a slowed and prolonged development

could occur. This could also cause an increase in diapause induction

(AliNiazee, 1986). Similar to insecticides and high temperatures,

inhibitory levels of GABA may be another trigger that induces diapause in

the OBLR.
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3. Possib·le mechanisms for GABA inhibition of insect larval growth

and development.

A. The Role of GABA in Gustation

Taste chemoperception is essential for animals to select suitable foods.

"Gustatory sensilla concentrated on mouthparts, other external appendages,

or the food canal are responsible for transduction of chemical stimuli into

nerve signals that trigger behavioural acceptance or rejection of a potential

nutrient source" (Mullin et al., 1994). Recent work with the western corn

rootworm beetle, Diabrotica virgifera LeConte, implicates a

GABA/glycine receptor in the perception of phago-stimulants and

deterrents. GABA stimulates feeding in herbivorous members of four

orders of insects (lVIullin et al., 1994).

In this study, preferrence experiments indicate normal growth and

development for the OBLR larvae when supplied two diets with different

GABA levels in one Petri dish. Larvae reared in Petri dishes containing

diets with 1.6 and 2.6 micromol GABA per gram fresh weight or 1.6 and

11.6 micromol GABA per gram fresh weight of diet showed similar growth

and developmental rates compared to larvae reared on 1.6 micromol

GABA per gram fresh weight diets only (Fig. 10). This suggests that the

larvae were capable of discriminating against the diets with growth

inhibiting levels of GABA. It is not known how much of each diet was
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consumed. It may be possible that GABA is both a phago-stimulant and a

growth inhibitor at the same time.

B. The Role of GABA as an Inhibitory Neurotransmitter

In insects, as in vertebrates, GABA is an inhibitory neurotransmitter.

However in insects it plays a key role in the peripheral nervous system as

well as the eNS (Sattelle, 1990). GABA receptors in the vertebrate eNS

have been divided into two subtypes: GABAA receptors, which function as

GABA-gated Cl- channels as well as modulatory sites for benzodiazepines,

barbituates and steriods; and GABAB receptors, which mediate the effects

of GABA on K+ and Ca2
+ conductances through interactions with G

proteins (Bowery, 1989). Most GABA receptors identified in insects to

date resemble the vertebrate GABAA subtype in that agonist binding leads

to a rapid change in the Cl- conductance of the cell membrane (Rauh et al.,

1990).

Three billion pounds of polychlorocycloalkanes in total were used to

control pest insects before their mode of action was established as blocking

the GABA-gated Cl- channel (Casida, 1993). The majority of commercial

insecticides interfere with either the voltage activated Na + channel, the

cholinergic synapse or the GABAergic synapse (Casida, 1993). The

GABA-gated CI- is an important target of insecticide action. This is based

on the observation that cyclohexane and cyclodiene insecticides antagonize

90



GABA-activated CI- currents, and that avermectins agonize inhibitory CI

currents in most insect preparations (Hart et al., 1986). This GABA-gated

CI- channel has been found in insect nerve and muscle cell membranes and

has "become a major focus of attention in both academic and industrial

research institutions" (Sattelle, 1990).

Changes in the GABA-gated Cl- current in the form of either

potentiation and attenuation or blockade, disrupt the voluntary

neuromuscular system of insects to such an extent that complete paralysis

may be induced for many hours or even days. This, however, is not

necessarily associated with the death of the affected animal. These deeply

intoxicated insects recover after hours or days, most of them without

obvious residual lesions (Keyserlingk and Willis, 1992).

There is an important difference between invertebrate and vertebrate

GABA receptors that relates to their cellular and anatomical localization.

In vertebrates GABA receptors are restricted to the brain and thus are

protected by the blood-brain barrier. In contrast, the invertebrate GABA

receptors, perticularly those on muscle, are much more exposed to

exogenous agents (Lunt, 1991). The Cyclorrhaphan dipteran larvae are

known to have body wall muscles where neuromuscular junctions are

situated superficially and are not covered with glial sheath. A cellular

barrier does not therefore exist between the hemolymph and the

neuromuscular junctions (Irving et aI., 1976).
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The working hypothesis in this study suggests that a phytophagous

insect chewing on older leaves will ingest a relatively large amount of

GABA, this will then enter the hemolymph and reversibly bind to exposed

GABA-gated CI- channels primarily at neuromuscular junctions, causing a

disruption of the neuromuscular system, temporary paralysis or possibly

induced diapause. This elevated level of GABA may inhibit the normal

growth and development of the insect. Although the GABA-gated CI-

channel has been the target of many insecticides, the idea that GABA may

be a natural plant defence mechanism is novel. The existence of transgenic

tobacco plants overexpressing GAD and having elevated levels of GABA

suggests that crop plants may be genetically engineered for improved

resistance against phytophagous insect activity.
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Conclusions

1. There is a large and rapid increase in GABA levels in response to

mechanical stimulation (0.07 to 0.90 micromol GABA per gram FW, 1000%

increase) and mechanical damage (0.07 to 2.15 micromol GABA per gram

FW, 25000/0 increase) of soybean leaf tissue. These increases in GABA are

noticed within 1-4 minutes of treatment.

2. There is a 30% reduction in the survival rates of OBLR reared on

GABA supplemented diets. On non-G.A.BA supplemented diets the total

biomass for one group of 20 larvae reached 2.68 grams. On the GAB A

supplemented diets this weight reached 0.91 grams, a 65% reduction in

total biomass. It requires 440/0 more time for OBLR larvae reared on

G.A.BA supplemented diets (80 days) to reach pupation compared to the

control group (45 days).

3. 900/0 of OBLR frequent immature leaves which have a reduced capacity

to produce GABA upon mechanical damage.

4. There is a 360% increase (0.08 to 0.37 micrornol GABA per gram FW)

in GABA in response to OBLR ambulatory stimulation.

These findings support the hypothesis that one of the possible roles of

G.A.BA is that of a plant defense against phytophagous insects.
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Appendix.

The GABA Le\lels in the Diets

Fronl: Analytical Services Laboratory

Plant Analysis Report

Alice Deschene and Dr. Barry Shelp

Departl11ent of Horticultural Science

The University of Guelph, Guelph Ontario

101

Sample ID

Pinto control

Synthetic control

\vith GABA

Synthetic control

without GABA

Total Dry Mass

(g)

0.98

0.54

0.56

Total N

5.15

5.97

0.62

Total GABA

nlicronloI I g FvV

1.54

1.59

0.53

~leasurementswere TIlade using high perfOrTIlanCe liquid ChrOTIlatography


