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INTERACTION OF THE SPOTTED ALFALF'A
APHID AND ITS FOOD PLANT

SUMMARY

The broad aim of this project was to investigate the etiology of the specific,

systemic effects caused by the spotted alfalfa aphid (SAA), and to

deærmine whether a possible explanation lay in the interaction between the

salivary secretions of the aphids on one hand and the biochemical response

of luceme afær aphid attack on the other. To this end, a comparison was

also made with the salivary components of the pea aphid (PA), which,

although it causes serious depression of growth while feeding on luceme,

does so without producing specific symptoms.

Spectrophotometric, chromatographic and electrophoretic techniques were

employed to provide as complete as possible an analysis of the composition

and activity of the salivary secretions of SAA and PA. The amount of

saliva secreted into diets was quantified using the absorbance values at

200nm (Azoo) as an indicator of total salivation and a modified Coomassie

blue assay for protein. It was estimated that in 24 hours, while SAA

secreted into water about 25 ng protein per mg fresh weight, the PA

secreted about 30 ng. A significant linear relationship was observed for

both species between Azoo and Coomassie blue values. The two species,

however, had different ratios of A2s0 to Coomassie blue consistent with a

larger contribution of salivary proteins, or at least of proteins with a high

affinity for Coomassie blue, to the total saliva secreted by PA into water.
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Enzyme studies showed that ttre soluble salivary proteins of both SAA and

PA were mainly oxidases. These enzymes were found to have a general

ability to oxidise reductants commonly found in plants, including ascorbate

and glutathione. The saliva of both species also possessed pectinase

activity. Chromatographic analysis of the amino acids in the saliva of the

two species revealed a uniform composition, exceptions being the presence

of relatively higher levels of GABA (1-amino butyric acid) in the saliva of

SAA and higher levels of asparagine in the saliva of PA. Other amino acids

that were detected in the saliva of both species included aspartic acid,

glutamic acid, serine, glutamine, histidine, glycine, threonine, arginine,

alanine and tyrosine.

Excellent separation of the salivary proteins of the aphids was achieved

using a microelectrophoretic system. Silver staining of protein bands in the

saliva revealed a complex pattem of salivary proteins with clear differences

emerging between the two species. The molecular weights of the proteins

of SAA \ryere estimated to range from 75,000 Daltons to 460,000 Daltons

while the salivary proteins of the PA ranged from 193,000 to 576,000

Daltons. Three bands with DOPA-oxidase activity were detected in gels of

both SAA and PA. The three bands in SAA saliva which possessed

oxidase activity also exhibited "nothing dehydrogenase" activity which was

abolished in the presence of N-ethyl maleimide suggesting the involvement

of sulphydryl groups. Pectinase activity was detected in gels of both

species. Assays for catalase, esterase, B-glucosidase, invertase and a

specific ascorbate-oxidase were all negative.
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Detailed investigations of the nature of the salivary oxidases revealed that

the oxidases of SAA and PA were able not only to oxidise the diphenols

DOPA (di-hydroxyphenylalanine), catechin and catechol but also the

monophenol p-cresol. These enzymes therefore exhibited both catechol

oxidase and monophenoloxidase activity. Laccase activity was evident

because of the ability of the salivary oxidase to oxidise p-phenylene

diamine. The saliva of the two species was able to oxidise compounds such

as gramine, ABTS (2, 2'-azino-di-(3-ethylbenzylthioazoline-6-sulfonic

acid), and aniline in the presence of HrO2, thereby exhibiting peroxidative

activity. Studies with inhibitors such as PTU (phenyl thiourea) revealed

that the salivary oxidases were copper proteins with a very broad spectrum

of activity against a variety of mono- and diphenolic substrates. Of

significance is the finding that the peroxidative activity of the salivary

oxidases was also inhibited by PTU thereby indicating the presence of a

copper-containing peroxidase. Electrophoretic studies of the saliva of both

species have indicated that the iso-forms of proteins that had DOPA-

oxidase activity also occurred at the same loci that exhibited peroxidative

activity, suggesting that the oxidases of these aphids could be bi-functional.

Significantly, the saliva of PA, which can attack cultivars of luceme

resistant to SAA, secreted salivary enzymes with at least twice as much

oxidising activity per unit of protein as SAA. These investigations also

demonstrated a synergis tic effect of catechol oxidase activity on

peroxidative activity in the absence of added H.zOz, consistent with the

generation of H2O2 during the oxidation of substrates such as catechin by

the salivary oxidases.
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Radio labelling experiments with SAA and PA using laC-glutamate and 35S-

SOa showed that SAA appeared to resecrete larger amounts of radioactivþ

into diets than equal fresh weights of PA during an initial two hour period.

Translocation studies with caged aphids revealed that there \ilas a

significant difference in the distribution of radio label between the shoots

fed upon by SAA and PA. Shoots that were fed upon by PA had a uniform

distribution of radioactivity wittrin the plant while the label from SAA

appeared to be concentrated in the growing tip. Both scintillation counting

of t+C label and autoradiographs of shoots fed upon by aphids labelled with

35S-SO4, were consistent in this respect.

Studies on the biochemical response of luceme to aphid feeding with

special reference to within-plant oxidases revealed that feeding by both

SAA and PA resulted in a decrease of total protein content, increase in

oxidase levels and a decrease in ascorbate levels in infested tissues. Protein

content of attacked leaves decreased up to 5O7o tn SAA-fed plants arrd 39Vo

in PA-fed plants compared with leaves from healthy plants. The assay for

polyphenol oxidase (catechol oxidase) using DOPA revealed significantly

higher levels of phenol oxidase in aphid infested plants. Peroxidase activity

was also higher in aphid-infested plants.

A significant biochemical difference between the effects of the two aphids

was that leaves from SAA-infested plants exhibited significantly higher

levels of peroxidase per unit fresh weight than PA-infested plants.

Isoelectric focussing of the extracts on a PhastGel system not only revealed

increased peroxidase bands at the loci evident in gels of samples from

healthy leaves, but two additional bands in SAA-infested leaves. When
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SAA-infested leaves were separated based on the nature of the symptoms

viz. non-chlorotic, vein banded and visibly chlorotic leaves, and subjected

to isoelectric focussing, all three categories of leaf samples revealed

increased peroxidative activity but the two additional isozymes were seen

only in extracts of leaves which exhibited vein banding. This is a thought

provoking result in that similar, de novo isozymes of peroxidase have been

associated with symptoms exhibited by virus-infected plant tissues. The

amounts recovered from the plant and electrophoretic comparisons of the

enzymes from the plant with the aphid salivary enzymes would seem to

indicate an origin for these symptomatic peroxidase bands in the plant

rather than the insect.

The decrease in total ascorbate content of aphid-infested luceme was

dependent on the sampling interval. At 24 h after infestation SAA-infested

leaves had significantly lower levels of ascorbate per unit fresh weight than

healthy or PA-infested luceme. When leaves were sampled afær 10 days,

however, total ascorbate levels, were even lower than in healthy leaves and

did not differ significantly between species of infesting aphid.

Finally, the possible implications of these results for the etiology of the

effects of SAA on luceme are discussed. There is strong circumstantial

evidence that oxidative activity is implicated in the symptoms, and it is

possible to erect a hypothesis that accounts for the differential effects of

SAA and PA on luceme in terms of the differential mobility of their salivary

components in the plants' vascular tissues. The rapid movement of the

oxidative enzymes in the saliva of SAA can be seen as leading to nm-away

oxidation reactions in the tip leaves, involving increased peroxidative
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activity, destruction of anti-oxidant, scavenging systems and a build up of

necrosis-causing free radicals. Nevertheless, such an explanation is

essentially speculative and, in particular, it is not possible, at this stage, to

decide whether the specific symptoms caused by SAA are due solely to

known components of its saliva or to some other, yet to be discovered toxic

factor. Nevertheless, some promising lines of research for fun¡re

elucidation of this problem can now be proposed, based on the new

evidence that has emerged.
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CHAPTER 1

GENERAL INTRODUCTION AND A REVIEW
OF LITERATURE

Aphids are important economically because of the denimental effect

they have on crops. Not all aphid species warrant equal attention from

pest managers, however, and there exists a gradation in the type of

damage each species appears to inflict on its food plant. Most species

have achieved pest status merely because of their quantitative ecology

rather than physiology of feeding but some are more notorious for their

effect on plants (discounting their role as virus vectors). The first

category merely extract nutrients and form what is described as a "sink"

with minimum detrimental effects, while the species in the latter

category are said to cause "toxic effects".

The Effects Of Aphids On Their Food Plant

The effects on plants ascribable to the so-called "toxic" aphids can be

considered as falling into two categories:

(a) those that act systemically and thereby affect the plants at some

distance from the feeding site, and

(b) those that cause anomalies in the near vicinity of the feeding site

(Miles, 1989a).
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Systemic toxins cause or increase susceptibility to wilting (Van Emden

et al., 1969; Jones et al., L973) and bring about reduced growth of

xylem vessels and/or of roots thereby reducing overall plant growth

(Ortrnan and Painter, 1960; van Emden et al., 1969; Dixon, L97l;

Puritch, 1977). Local growth anomalies usually involve at least some

degree of hypertrophy of cells adjacent to the aphids and hence have

been described as "galls" (Maresquelle and Meyer, 1965). The

anomalies caused by Aphidoidea do not appear to cause abnormal cell

division, however, and are often distinguished as "pseudo galls".

The effects of individual aphids on plants seem to be generally related to

differences in their definitive feeding site (Miles, 1990). The phloem

feeding Aphididae for the most part cause few effects on their food

plants (Pollard, 1973), whereas other, parenchyma-feeding Aphidoidea,

cause a variety of species-specific effects (Pollard, 1973; Miles, L987).

The very fact that the phloem-feeding Aphididae do not, as a rule, cause

apparent effects on their hosts has made exceptions all the more

noteworthy. A few species cause well defined local necroses on

herbaceous plants, examples being, Aulacorthum solani, Macrosiphum

euphorbiae, Diuraphis noxia (Hughes, 1988), and Schizaphis graminum

(Ryan et a1.,1990). Pseudo-galls usually take the form of hypertrophied

cells on the side of the leaf opposite that on which the aphids are

feeding, giving rise to pockets, curling or rolling of the leaf. Such effects

are causedby Cryptomyzus ribis on currants, Aphis pomi and A. devecta

on apple and by Myzus persicae on young peach shoots (reviewed in

Miles, 1987). The spotted alfaHa aphid, Therioaphis tiþlii maculata

(SAA) is one species that causes a systemic effect on luceme (Medicago
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sativa) i.e. typically it causes necrosis and chlorosis of leaves at the tþ

while feeding on the stem some distance down the shoot.

The Aphid Saliva

Aphids, like other Homopterans, secrete their saliva in two phases:

(a) a sheath material and

(b) a watery saliva.

The sheath material is a lipo-protein which is held together by hydrogen

bonds with a sulphydryl accelerator that initiates rapid gelling once the

material is exposed to air. It has also been shown to contain phenolic

compounds, indolyl compounds and amino acids which are believed to

prevent the premature gelling of the protein within the glands and diffrrse

away once the sheath sets. The watery saliva also contains free amino

acids and has been considered to be a dilute diffusate of the

haemolymph. It is also a vehicle for hydrolytic eruymes such as

amylase, cellulase, and pectinase, and possesses oxidase activity

(reviewed in Miles, 1972 and Miles,1987).

The function of the sheath material, which is left behind as a stylet track

in plant tissues, has remained "obstinately controversial" (Miles, 1990).

Among the various functions proposed are:
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(a) it acts as a bore-hole lining thereby preventing loss of fluids or

accidental sucking of air or unwanted fluids (Amaud, 1918),

(b) it acts like a brake-cable sheath and helps retain salivary fluids that

lubricate the stylets and allow rapid withdrawal of the stylet bundle

(Mittler, 1954; Smith, 1985),

(c) it increases the efficiency of the directional movement of the stylets

(Pollard, 1969) and

(d) it aids in the conservation of the substrate by repairing wounds

and/or counteracting the wound responses of the plant (Miles, 1987;

Miles, 1990).

Evidence presented by Miles (1965), Lamb et aI., (1967) and Mclæan

and Kinsey (1968) seems to suggest that watery saliva is ejected during

the penetration of the substrates by aphids. Recent results from

electronic monitoring of aphids (Kimmins and TJallingii, 1985) seem to

indicate that the insects mix watery saliva with the phloem as it is

ingested. According to Miles (1987) this potential leakage of the watery

saliva into the vascular tissues of the plant may account for the

occurence of systemic effects of aphid feeding when these occur.

The amino acids that occur in aphid saliva have been reported for a

number of aphid species (Kloft and Ehrhardt, 1959; Schäller, 1960;

Kloft, 1960). They almost certainly subserve the prevention of the

premature gelling of the sheath precursors by inhibiting hydrogen-bond
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formation when the various salivary components contact each other in

the ducts of the salivary apparatus and ducts (Miles, 1965; Miles, 1987).

It has ,thus been suggested that amino acids necessarily occur in the

saliva of all sheath-producing species (Miles, 1964)-

Polyphenol oxidase (catechol oxidase) and peroxidative functions have

been demonstrated in the saliva of certain aphid species (Peng and

Miles, 1988; Miles and Peng, 1989; Miles and Harrewijn, 1991). The

function of these oxidases appears almost certainly to be detoxification.

A detoxificatory function of the salivary oxidative enzymes has recently

been established in the rose aphid (Peng and Miles, 1988; Miles and

Peng, 1989) and the same may well be true of the salivary oxidases of

Hemiptera and Homoptera generally (Miles, 1987).

Pectin degrading enzymes have long been assumed to occur in aphid

saliva (Adams and McAllan, 1958) and more recently, Ma et al., (1992)

have established the presence of pectinesterase and polygalacturonase in

the salivary secretions of Schizaphis graminum. These enz)¡mes' when

present, would undoubtedly aid in the intercellular penetration of plant

tissues. Salivary cellulases, which have long been known to occur in

aphid saliva (Adams and Drew, 1965), would also be competent, when

present, to carry out a function similar to the pectinases.

The Spotted Alfalfa Aphid - A Review Of Past Research

The SAA causes very severe damage to susceptible plants, and seedling

luceme can be killed outright by the feeding of a single aphid and her
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progeny (Diehl and Chatters, 1956). The vein-banding of meristematic

leaves is a symptom characteristic of SAA feeding and appears in the

developing leaves irrespective of the location of the aphid (Fig 1.1). Il1

addition, as the infestation ages, a localised yellow spotting develops at

the feeding site (Nickel and Sylvester, L959). The insect produces

massive amounts of honey-dew which predisposes the plant to

sooty-mould development and hampers post-harvest machinery @iehl

and Chatters, 1956; Paschke and Sylvester, 1957).

Diehl and Chatters (1956) using evidence obtained from histological

studies reported that the stylets were inserted intercellularly. While no

stomatal penetration was evident, two feeding sites viz., the phloem and

the mesophyll parenchyma were observed. They observed that

parenchymal terminations of the stylets were made conspicuous by

relatively large darkly stained regions. They also noted that the stainable

material was not confined to the stylet sheaths or the plant cell walls but

was diffuse within the cell. They concluded that the inserted

"contaminant" was highly "toxic" and had a plasmolytic effect because

of its diffuse distribution, the chlorotic spotting of the affected leaves

and the absence of chloroplasts in the microscopic sections. The

evidence presented by Paschke and Sylvester (1957) suggests that the

symptoms produced by SAA were the result of a toxicosis rather than a

viral infection. Mittler and Sylvester (1961), however, ascribed at least

some of the "toxicity" of the SAA to its prodigious rate of multþlication

and the heavy nutrient drain imposed by it.



Fig. 1.1 Selective vein-banding of meristematic leaves expressed by

luc.eme after feeding by spotted aHalfa aphid.
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While pioneering studies on the interaction between SAA and luceme

had focussed on the possible existence of an elusive salivary "toxin",

research in recent years has progressed with the construction of

altemative hypotheses. Thus, Dillwith et aL (1991) have attributed the

symptoms associated with the feeding of SAA to an aphid-induced

senescence cascade that is mediated by free-radicals and involves lipid

peroxidation. Evidence presented by Jiang and Miles (1993; and

unpublished results) suggests that the browning process which occurs

during or after feeding by the SAA is related to oxidation reactions

resulting from the interaction of the SAA and luceme. These findings

point to the existence of a dynamic interaction which involves the

defences of the plant and counter-defences of the insect. It is possible,

therefore, that instead of a specific toxin injected by the SAA, it could be

that the insect's salivary repertoire fails to suppress wound responses

that are induced due to its feeding. A number of authors have poinæd

out that the specific effects of sucking insects on plants owe much to ttre

responsiveness of the tissues that are attacked (reviewed in Miles, 1987)

which would be particularly relevant if the SAA feeds on both the

phloem and the parenchyma (Diehl and Chatters, 1956).

The Objectives Of The Present Investigation

The SAA-luceme interaction, therefore, provides an interesting arena in

which these hypotheses can be tested. The broad aim of this

investigation is to determine whether it was possible to find an

explanation for the systemic effects caused by the SAA in relation to
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some particular feature of the interaction between the salivary secretions

of the aphids on one hand and the physiology of luceme on the other.

Recent advances in techniques enable collection, analysis and

electrophoretic separation of the salivary proteins of aphids (Miles and

Hanewijn, 1991). In the present work, these techniques have been used

and new ones developed in order to provide as complete an analysis as

possible of the composition and activity of the salivary secretions of the

SAA. A catalogue of biological activity of the SAA will not, however,

itself provide an adequate explanation of the systemic effect because, as

pointed out by Miles (1990), any attempts to implicate specific salivary

components must take into account effects of other species that secrete

the same or similar components. Hence, analysis of the saliva of the pea

aphid (Acyrthosiphon pisum), a "non-toxic" aphid species that attacks

luceme, but without causing specific symptoms will also be described to

aid in making a better comparison and interpretation of the results.



CHAPTER 2

METHODS FOR COLLECTION AND ANALYSIS
OF SALIVA OF APHIDS AND THE GENERAL

NATURE OF SALIVARY COMPOSITION

INTRODUCTION

The small size of aphids and the fact that these insects generally insert

their stylets into the vascular system of plants has made research into the

nature and causation of their effects on plants very difficult.

Consequently, a vast majority of the accumulated information in the

literature on the etiology of aphid lesions has depended on evidence

arising from histological investigations. Major advances in the

determination of the nature of the salivary secretions of these insects and

of their possible roles during feeding became possible when it was found

that the insects could be induced to feed on transparent media such as

agar gels or solutions enclosed by membranes (reviewed in Miles, L972;

1987). These techniques have been employed to sfudy probing, to make

visual observations on salivation and intake, to investigate the role of

feeding determinants, and they have been used very widely in nutrition

studies (reviewed in Mittler, 1988). Recently, it was discovered that

uncontaminated soluble components of the saliva of aphids could be

obtained in very dilute form from water on which the insects have

attempted to feed (Miles and Harrewijn, l99l). This chapter describes

techniques based on such collection of secreted saliva and the use of the

collected saliva to obtain information on the salivary composition of the

spotted alfalfa aphid (SAA) and pea aphid (PA). It deals, in three

sections, with the methodology of collection of the saliva, analysis of its
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composition and electrophoretic separation and detection of the salivary

proteins of SAA and PA.

SECTION 1

COLLECTION OF FED WATER AND QUANTITATIVE

ESTIMATION OF SALIVARY PROTEINS

METHODS

Aphid Sources

The SAA and PA used for the experiments were grown on luceme plants

(cv. Hunter River) in the V/aite Instin¡þ insectary. The insectary rooms

were maintained at a temperature of 25"C for SAA and 20"C for PA,

with a photo period of light:dark (L:D) of 16:8. The plants used for

maintaining the culture were grown in a glass house which had an

ambient temperature of 15"C in winter and 30"C in summer. A back-up

culture of PA was also maintained on broad beans grown in conditions

similar to those described above.

Collection Of Fed Water

About 0.1 g of aphids were brushed into black, 35 mm film canisters,

converted into feeding chambers as shown in Figure 2.1. The lids of the

chambers had a hole punched through them and the diet ( usually 200 ¡tl

of nano-pure water) was dispensed over a Parafilmru membrane that

was stretched over the lid. A cover slip was placed over the diet in

order to transform the droplet into a thin film and also to reduce

evaporation. The chambers were then placed in a black plastic container
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Figure 2.1 (a) Diagram of feeding chamber

(b) photograph of feeding chamber made out of black, plastic, 35 mm film canisæn showing aphids clustering towards light.
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over water in a room maintained at 25"C and illuminated from above

with a yellow light (L:D::16:8). The aphids were allowed to feed for

16-24 hours after which the "fed water" (i.e. containing saliva) was

collected. "Unfed controls" (unfed water) were diets dispensed in a

similar manner but without aphids in the feeding charnbers.

Spectrophotometric Scanning Of Fed Water

The saliva obtained as fed water was detected by comparing the UV

absorption spectra from 190-290 nm, using a MultiScan program on a

Varian DMS 100 spectrophotometer equipped with a DS-15 data

station. All measurements were made using qtattz cuvettes with a 2 nwt

path width. Reproducible readings were obtainable using volumes as

low as 330 pl. In order to standardise procedures for the aphids under

investigation, the optical densities (absorbance) of the fed water at

200 nm (after Miles and Harrewijn, 1991) were used as an indicator of

salivation. These values will hereafter be referred to as AzoO.

Estimation Of Proteins

proteins were estimated colorimetrically using the Coomassie-blue

reagent (a commercial preparation from Bio-Rad) as follows: 320 pl of

the fed water was reacted with 80 pl of the concentrated reagent and the

optical density was measured after 5 minutes at 595 nm against a reagent

blank. As described below, it was found necessary to make samples

alkaline before reacting with Coomassie blue in order to optimise results.

Results are expressed in terms of bovine serum albumin (BSA)

equivalents and relate to a standard curve of BSA using freshly prepared

solutions at dilutions between 4 and 40 pg/ml.
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RESULTS

Optimisation Of Conditions For Collection Of Fed Water Of SAA

And PA

Initial attempts to obtain fed water from the two species using the

chambers described above were fruitless necessitating detailed

behavioural observations. To determine the effect of temperature on

salivation an experiment was conducted by setting up feeding charnbers

at three different temperatures viz. 15,20 and 25 "C . Ten chambers

were set up at each temperature as described above and the aphids were

allowed to feed for -16 hours. Diets \ryere pooled from two chambers to

form five replicated values at each temperature regime. Significantly

higher A2ee values ( ANOVA; P < 0.05) were obtained at zO"C for PA

and at 25"C for SAA ( Table 2.1).

Table 2.I Effect of temperature on salivation by SAA and PA.

( * - Means + standard enor)

0.330 ! 0.0220.295 t 0.02230

0.658 r 0.0360.519 XO.O3225

t.832 t 0.0240.258 r 0.05720

PA*SAA*Temperature

The preliminary experiments also yielded a few behavioural observations

about the SAA which were used to improve the design of the feeding

chamber. These observations were:

- they were, by nature, not a very active species,



13

- they tended to aggregate into small sticky clumps due to the massive

amount of honey-dew theY secreted,

- the few that were able to extricate themselves from the sticky mass had

a tendency to crowd around the circumference of the hole in the lid, and

- the slightest disturbance was enough to dislodge them from the

membrane.

The chamber had to be modified, therefore, in order to elicit greater

feeding by the SAA. After a series of experiments, which were based

largely on trial and error, the following parameters were found to be

particularly importatrt :

- the diameter of the hole in the lid of the chamber had to be increased in

order to accommodate greater numbers of aphids around the

circumference.

- there had to be no significant mechanical barrier to ttre movement of

the aphids within the cage - the lids of the canisters as originally

supplied had an intemal flange that tumed out to be a barrier to the

aphids where they became easily dislodged while trying to clamber on to

the inner surface of the lid. There was a significant increase in the

amount of feeding when the flange of the lid was removed.

- the depth of the cage was also very important because it was observed

ttrat only a few individuals of the SAA settled on the membranes if the

chambers were too deep. A depth of about 5 mm was found to be

optimum.

Using the modified chamber for SAA and the regular chamber (as

described in "methods") for PA, it was possible to get significantly
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higher estimates of salivation in the fed water. Neverttreless, it was

found necessary to exercise the uffnost care to minimise background

absorbance in the unfed water. Nano-pure water had to be used since it

was observed that the water that was supplied as diet had to be of

spectrophotometric quality in order to reduce contamination' The

parafilm was pre-soaked in distilled water for about a week and then

dried at 30"C before use. The cover slips which could be a serious

source of contamination were washed in 1N HCI for a few days and then

dried in an oven at 60oC for 24 hours. These steps had to be followed

scrupulously in order to reduce the absorbance in the controls to an

acceptable level Fig 2.2). Under these optimum conditions consistent

and reproducible absorption spectra were obtained for both species'

Estimation Of Proteins In Fed Water

The Coomassie blue protein assay is widely used, because it requires the

addition of only one reagent, is sensitive at the microgram level, requires

only a very short period of incubation and is unaffected by a wide

variety of different chemicals (stoscheck, 1990). Previous studies on the

salivary proteins of aphids (Peng, l99l; Miles and Harrewijn, 1991)

have used the Coomassie blue value as a reliable indicator of protein

content in the fed water.

In preliminary experiments using the fed water of sAA and PA, it was

found that despite the very high absorbance values for the salivary

preparations at 200 nm, their corresponding Coomassie blue values were

extremely low. It could be argued that in these species only a very small

proportion of the absorption at 200 nm could be attributed to the

presence of proteins. The possibility remained, however, that these low

values were due to the one major disadvantage of the assay viz' the
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reported existence of a large variation in the absorbance produced by the

different proteins (Bio-Rad Technical Bulletin,1987 ; Stoscheck' 1990).

Stoscheck (1990) reported that the addition of NaOH to the dye reagent

markedly reduced the variation in response of the dye to different

proteins. A significant increase in sensitivity of the assay was observed

(Two{ailed t-test, rt= 4, P < 0.05) when 2¡tl of 1 M NaOH was added

to the salivary preparations prior to addition of the dye.

Using the modified Coomassie blue assay, it was estimated that in

24 hours, while SAA could secrete into water about 25 ng protein per

mg fresh weight, the PA could secrete about 30 ng during the same

period.

A significant linear relationship was observed for both species between

the A2s¿ and Coomassie blue values (P < 0.05 ; Standard Error of the

means being + 0.015 for SAA and t 0.018 for PA). The ratio of Aroo to

Coomassie blue values, however, was found to be different for the two

species - 0.11 for SAA and0.2 for PA - indicating a larger contribution

of salivary proteins - or of proteins with a high affinity for Coomassie

blue - to the fed water of PA compared with SAA.
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SECTION 2

ANALYSIS OF THE SALIVA OF SAÀ AND PA IN FED WATER

BY COLORIMETRIC & SPECTROPHOTOMETRIC

METHODS

METHODS

The fed water of the two species of aphids was collected as described in

Section 1.

Detection Of SalivarY EnzYmes

A standard procedure was to incubate 200 pl of the fed water with the

appropriate substrate in a final volume of 400 pl at 25"C for a specific

duration (usually 4 hours). The absorption spectra of the mixtures were

then recorded. The products of the reaction were then analysed by

comparing the spectra of the reaction mixture and the control solutions.

Unless stated otherwise, substrates were used at a final concentration of

0.001 mg/ml. In alt the assays, unfed water was used in the controls.

Oxídases: While catechol was used as a substrate for the detection of

catechol oxidase, the non-phenolic compoulld gramine was used to

detect peroxidative activity in the fed water. Mixtures used for the assay

for peroxidative activity contained 0.0003Vo hydrogen peroxide.

Pectinases: Citrus pectin and sodium polypectate were used to detect

pectin methyl-esterase and polygalacturonase, respectively.

Amylasez Fed water (100 pl) was incubated with 100 pl of hydrolysed

starch (lVo starchnZVo NaCl) af 25"C for 3 hours after which 200 pl of
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iodine-peroxide reagent (2:l O.l7o iodine in O.ZVo aqueous potassium

iodide : 3OVo HzOz) was added and the colours were recorded. The

addition of HzOz is required because of the ability of reducing

compounds in the fed water to reduce iodine to iodide (Miles and

Hanewijn, 1991).

Invertase: Fed water (100 pl) was incubated with 100 pl of lOVo

sucrose at 37"C for 5 hours. After incubation, 500 pl of Tauber and

Kleiner's reagent (Tauber and Kleiner, 1932) was added. The mixtures

were then placed in a boiling water bath for 15 minutes after which 1 ml

of freshly prepared Nelson's reagent (Weber, 1966) was added and the

colours were recorded.

Catalase: The method of Aebi (1986) was employed to detect catalase

activity. To 200 pl of fed water was added 200 pl of 20 mM H2O2 (in

phosphate buffer pH 7.0) and the decrease in absorbance at 240 nm was

recorded for 15 seconds.

Detection Of Amino Acids

Chromatographic and colorimetric techniques were used to detect the

presence of amino acids in the fed water.

For colorimetric estimation, the ninhydrin reagent (Rosen, 1957) was

used, with freshly prepared 4 mM leucine as the standard. Fed water

(100 pl) was reacted with 100 pl of ninhydrin reagent (1 g ninhydrin

dissolved in 33 ml of reagent grade ethylene glycol monomethyl ether)
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and 100 pl of acetate cyanidel. The mixtures were placed in a boiling

water bath for 15 minutes after which 500 ¡rl of diluent2 was added.

Readings were taken on a spectrophotometer at 570 nm after the

mixtures were allowed to cool.

Thin layer chromatography (TLC) was carried out on the salivary

preparations using silica plates. Aliquots of 5 pl each of fed water

samples and amino acid standards were spotted on to the

chromatography plates. Three solvent systems were tried: Iso'

propanol:methyl-ethylketone:HCl, 7 .5:1.0:2.5: n -butanol:acetic

acid:water,8:2:2 & 6:2:2. The chromatograms were then sprayed with

ninhydrin reagent3 and were allowed to develop in an oven set at 100oC.

High-performance liquid chromatography of amino acids in the fed water

was carried out as described in Jones and Gilligan (1983). This method

uses o.lhthaldialdehyde as a pre-column derivatising agent because of its

ability to react rapidly with primary amino acids in the presence of

mercaptan to form intensely fluorescent derivatives. Resolution of the

amino acids is achieved with a methanol gradient in 0.1 M aqueous

sodium acetate, pH7.2. The samples (5 pl each of fed water and amino

acid standards) were first reacted with 5 pl of the fluoraldehyde reagent.

After one minute,20 ¡rl of acetate buffer, pH 7.0, was added and the

solutions were mixed thoroughly. The samples (10 pl aliquots) were

then subjected to analysis.

I Acetate cyanide: (1) l6mg of sodium cyanide was dissolved in 33ml water. (2) 3609 of sodium

acetat1 trihydrate was dissolved in 266m1 water, 66ml of glacial acetic acid was added to it and the

mixture was rhen made up to one lit¡e with water. 20ml of (1) was then diluæd to l000ml of (2) O

prepare acetatþ cyanide.
2 Diluenu 50ml iso-propyl alcohol : 50ml water.
3 Ninhydrin reagen[ 0.17o ninhydrin in 50ml ethanol containing 2ml collidine.
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RESULTS

The fed water of both SAA and PA possessed the ability to oxidise

catechol. After incubation with catechol for four hours, the fed water of

both species was able to bring about changes in the spectrum of catechol

resulting in the appearance of additional peaks at 244 and 297 nm.

Comparing the results with estimates of the protein content of samples

as determined by Coomassie blue, PA appeared to possess at least twice

the amount of oxidase per pg protein in its fed water as SAA.

Peroxidative activity was also detected in the fed water of the two

species. In the presence of H2O2, the salivary preparations were able to

oxidise gramine, an indole alkaloid, resulting in an additional peak at

307 nm.

The fed water of the two species did not appear to possess any amylase

activity.

The assay for invertase activity was inconclusive. Fed water itself, i.e.

without addition of any carbohydrate, gave a small reaction with Tauber

and Kleiner's reagent, which was not significantly different from that

after incubation with sucrose. (It may be noted in this context that no

reaction for invertase was given when a specific assay was applied to

gels after electrophoresis - see below.)

Salivary pectinase was detected in the fed water of both species. Wittt

either pectin or sodium polypectate, a change in spectrum occurred

indicative of pectin methylesterase (PME) and endopolygalacturonase

(PEG) respectively. The fed water of the PA contained significantly

higher levels of pectinase per mg of protein (Table 2.2).
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Table 2.2. Pectinase activity in the fed water of SAA and PA. Results

are expressed as percentage increase in absorbance over increase in the

controls [at specific wavelengths: 246.7 nm for PME and 276.7 nm for

PEG (after Tuttobello and Mill, 1961)1, per pg of protein as estimated

by Coomassie blue.

I - Values are based on three replicate determinations.

The fed water of SAA and PA also appeared to be able to oxidise

reducing agents such as ascorbate and glutathione. With ascorbic acid, a

product appeared with absorbance at 305 nm while, with glutathione, the

product had absorbance at 275 mn. The reactions did not require H2O2

and were inhibited by phenylthiourea (0.01 M; DuBois and Erway,

L946)) indicating the presence in the fed water of a copper-containing

enzyme that could oxidise both ascorbate and glutathione.

Detection Of Amino Acids

Thin layer chromatography Of the three solvent systems that were

tested, the best separation of amino acids was achieved using a mixn¡re

of n-butanol:acetic acid:water, 6:2:2. Two spots corresponding to

aspartic acid and glutamic acid were detected in the fed water of PA.

The SAA fed water appeared to possess valine in addition to the acidic

amino acids that were present in PA fed water. Reaction of pooled

12.86 t 2.5114.6 + 4.8PA

4.2 t L.225 !.2.6SAA

PEGPME

Percentage IncreaselSpecies
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samples of fed water with the ninhydrin reagent gave similar mean

values (expressed as leucine equivalents) of 1.2 t 0.012 mM for SAA

and 1.0 t 0.020 mM for PA. Of all the methods attempted, HPLC

analysis of the fed water proved by far the most sensitive. Table 2.4

presents results of the analysis of the fed water of SAA and PA using

HPLC. The composition of the fed water of the two species appeared to

be rather uniform, the only exceptions being the presence of high levels

of GABA in the fed water of SAA and high levels of asparagine in the

fed water of PA.

Table 2.4. [{PLC analysis of amino acids in the fed water of SAA and

PA. The concentration of amino acids is expressed as mg/litre of

collected fed water.

25.6577.51TOTAL

0.422GABA

1.888Tyrosine

2.r9r2.4t1Alanine

0.9425.756Arginine

0.4583.t75Threonine

r.1692.73Glycine

r.4237.35Histidine

3.39r3.42Glutamine

2.O255.26Serine

23.523Asparagine

7.9097.322Glutamic acid

5.72314.681Aspartic acid

SAAPAAmino acids
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SECTION 3

ELECTROPHORETIC SEPARATION AND DETECTION OF

PROTEINS IN THE FED WATER OF SAA AND PA

METHODS

Electrophoretic Separation

Preliminary attempts to separate the salivary proteins were focussed on

the use of cellogel (Chemtronru) techniques as described in Richardson

et aI., (1936). Although it was possible to detect the salivary proteins on

these gels using Coomassie blue, it was difficult to detect proteins on

cellogel using the potentially more sensitive silver staining methods.

Eventually, the highly sensitive micro-electrophoretic system, the

PhastsystemrM was employed for separation of salivary proteins using

precast acrylamide gradient gels (Phastgelsru). Electrophoresis was

carried out under non-denaturing conditions as described in Phastsystem

Text File # 120. Iso-electric focussing was also used to separate the

salivary proteins and was carried out on Phastgel-IEF pH 3-9 according

to the Phastsystemru Text File # 100. Coomassie blue and silver

staining for the detection of proteins were carried out as detailed in

Phastsystemru Text Files # 200 and # 210 respectively. For estimation

of molecular weights of the salivary proteins, the high molecular weight

kit supplied by Pharmacia was used. Blotting of the salivary proteins

was attempted using the PhastTransfer apparatus as detailed in the

Phastsystem Text Flle # 220. The procedure described in Phastsystem

Text File # 300 was employed to detect basic proteins in the fed water.
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Detection Of Enzymes In Fed Water

Three methods were attempted to detect catechol oxidases. The first

method involved immersing the gels in a solution of DL-DOPA (0.01 M)

in Tris-HCl buffer (pH 7.Ð at 25" C for 4 - 6 hours. The method of

Jolley and Mason (1966) involved immersing the gels in a 0.01 M

solution of catechol and proline in phosphate buffer (pH 7.O) for 4-6

hours. The method of Pearse (1968) involved immersing the gels in

tyrosine and DL-DOPA for 6 hours.

For the detection of peroxidases the method of Kaplow (1975) and a

method involving the use of chemiluminescence were used. The former

method involved the use of 3-Amino-9-Ethyl-Carbazole (AEC). The

gels were immersed in 50 ml acetate buffer (50 mM) solution containing

25 mg of AEC, 2.5 ml dimethylformamide and 25 ¡rl of 3OVo hydrogen

peroxide. The AEC was first dissolved n 2.5 ml dimethylformamide

and this solution was then added to 47.5 ml of acetate buffer (50 mM ;

pH 5.0). To this mixture was added 25 pl of 30Vo hydrogen peroxide

immediately prior to use. The gels were immersed for a period of about

15 minutes. Blotting detection reagents supplied by AmershamrM (RPN

2109) were used for the chemiluminescence assay. The gel was

immersed in a mixture containing luminol (reagent 1) and hydrogen

peroxide (reagent 2) for a period of up to 3 minutes. It was then blotted

dry, wrapped in Glad-Wraptt and exposed to X-ray film for up to 4

hours.

For detection of catalase, the method of Gregory and Fridovich (1974)

was used. The gels were first soaked in a solution containing 1.25 ml of

diamino benzidine (4 mg/ml) and 500 pl horseradish peroxidase

(lmg/ml) in l0 ml of phosphate buffer (pH 7.0) for 45 minutes in the
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dark. After a brief rinse in distilled water, the gels \ilere immersed in a

0.02 M solution of hydrogen peroxide in phosphate buffer (pH 7.0) for

30 minutes.

To detect laccase, the method of Niku-Paavola et al., (1990) was used.

The gels were immersed in 0.025 M succinate buffer (pH a.fl containing

ABTS (2.7 mglnil) for 3 hours.

The method of Gabriel and Wang (1969) was used to detect

B-glucosidase activity. The gels were first soaked in 10 ml of phosphate

buffer (pH 7.0) containing 0.2 M sucrose for a period of 30 minutes.

They were then stained in a freshly prepared solution of O.lVo 2,3, 5-

triphenyltetrazolium chloride (TTC) in 1 N NaOH for 30 minutes.

For the detection of ascorbate oxidase activity, the method of

Maccarrone et al., (1990) was employed. The gel was first immersed in

0.1M HzOz for 2O minutes. After rinsing in buffer (36 mM potassium

phosphate), it was soaked in an aqueous solution of 2.45 mM Nitro blue

Tetrazolium for 30 minutes. The gel was then transferred to a solution

containing 28 mM TEMED and 25 pM ascorbate in 36 mM potåssium

phosphate buffer (pH 7.8) for 30 minutes in the dark and then placed

under illumination (GroluxrM ; Sylvania) for 20 minutes.

To detect esterase activity, the method of Shaw and Prasad (1970) was

used. The gels were incubated in a 10 ml solution of Tris HCI buffer

(pH 7.0) containing 0.0039 each of cr and B naphthyl acetate and 0.01 g

fast blue RR for an hour.

A modification of the method of Block et al (1958) was employed to

detect invertase. The gel was first incubated in 0.2 M sucrose for 3

hours at37"C. It was then dried using a hair-dryer and immersed briefly
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in a silver nitrate reagent (100 trl saturated silver nitrate added to 20 rnl

acetone and distilled water added dropwise until the precipitate

dissolves). It was then transferred to ethanolic NaOH (1 ml of saturated

aqueous NaOH in20 ml ethanol) for 2 minutes.

Pectinases were detected using a modification of the method of

Cruickshank and Wade (1980). The gels were incubated nO.lVo pectin

for 5 hours at 37"C. The gels were then incubated in 0.1 M malic acid

for one hour after which staining was carried out nO.OZVo ruthenium red

for 30 minutes.

For detecting superoxide dismutase, the method of Richardson et al.,

(1936) was used. The gels were immersed in a solution containing

500 pl each of phenazine methosulphate (PMS; 2 mglnfl) and methyl

thiazolyl blue (MTT; 6 mglml) for 30 minutes after which the gel was

exposed to light for 20 minutes.

RESULTS

Concentration Of Fed Water

Preliminary attempts to detect salivary proteins on gels were

unsuccessful mainly because of the very dilute nature of the salivary

preparations. Attempts were made, therefore, to concentrate the salivary

secretions of the aphids. Very little success was achieved using

precipitative methods such as those involving the use of TCA, acetone,

ammonium sulphate or polyethylene glycol (protocol as described in

Bollag and Edelstein, 1991). The Centricon microconcentratorrM

(Amicon) which uses the principle of ultra filration with the aid of

centrifugal force was also employed to concentrate the salivary
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preparations. This method, however, was unsatisfactory because of the

difficulty encountered in recovering the salivary proteins from the

membrane of the concentrator. Excellent results were obtained using an

evaporative concentrator operating under vacuum (Savant SpeedVacrM).

Using this technique, a 50 pl sample of 5 pg/ml fed water could be

concentrated to 5 pl in 15 minutes, the greatest advantage being that the

proteins were recovered in their native state.

Separation Of Salivary Proteins On Native Gels

Preliminary runs using various gradient gels revealed that the best

separation was achieved using PhastGel Gradient 8-25rM. Consistent

and reproducible protein patterns on silver stained gels could be

obtained using 2O ¡tl of water dispensed to aphids for a period of up to

16 hours. The samples were then concentrated using a SpeedVacrM on

the "low" setting for about 10 - 15 minutes. Routinely about 10

chambers were needed to recover sufficient fed water to enable

simultaneous detection of enzymes and total protein. Aliquots of 5 pl of

the fed water was found to be optimum for each individual well. A

biomass of 0.1 g of aphids per charnber was found to be optimum

because diets recovered from chambers that contained more than 0.1 g

resulted in gels that revealed streaking of the proteins in the form of

additional faint bands. It was also observed that when larger biomasses

of aphids were used a few dead aphids were found under the membrane

in association with wet patches. This observation was particularly

relevant to the PA, individuals of which, had a tendency to "kick" each

other, this behaviour being very conspicuous in chambers that contained

larger biomasses. Also, the wet patches, presumably because of

respiration of the overcrowded aphids were noticeable more often with
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the PA. These observations are consistent with those made by Miles

and Harrewijn (1991) who reported that when large biomasses of aphids

were used there was evidence of lysis of the secreted proteins, probably

due to lyzozymes leaking into the diet via the stylets of aphids that had

died with their mouthparts still inserted.

Gels stained with Coomassie blue showed two protein bands in SAA fed

water and one band in PA fed water. Silver stained proteins revealed a

more complex pattem with very clear differences emerging for the two

species. The molecular weights of the proteins of SAA were estimated

to range from 75,000 to 460,000 Daltons while the salivary proteins of

the PA ranged from 193,000 to 576,000 (Fig. 2.3).

Excellent separation of salivary proteins of the two species was also

achieved by the use of iso-electric focussing (Fig. 2.3). This method

was not amenable for activity staining of the proteins, however,

presumably because of loss of activity during separation. Soaking of

gels in the appropriate buffer improved results, albeit only marginally.

Staining for enzymes in the fed water was therefore carried out after

their separation on gradient gels.

Electroblotting on to nitro-cellulose of the separated salivary proteins

was attempted using the PhastTransfer apparatus to increase the

sensitivity of the staining process. Silver staining of the membrane

revealed less than adequate recovery of the salivary proteins.

No basic proteins were detected in the fed water of either aphid species

using a reversed-polarity electrode and subsequent silver staining.
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Enzyme Activity Of Native Gels

Three bands with DoPA-oxidase activity were detected in gels of SAA,

one large band at about 268,000 daltons, a n¿urow one at about 140,000

daltons and another very faint, n¿urow intermediate band. Gels of PA

fed water also revealed three bands with DOPA-oxidase activity, a large

band at about 380,000 daltons, a narrow one at about 188,000 and an

intermediate one at about 230,000 (Fig. 2.3). These bands were not,

however, observed when catechol, catechin, catechol + proline, or

L-tyrosine + a low concentration of DOPA \ryere used as substrates,

although all these combinations react with commercial tyrosinase.

Various attempts were made to increase the sensitivity of the DOPA

reaction using combinations of buffers, incubation periods and

temperatures. Optimum results for both species were observed when the

gels were incubated in 0.01 M DOPA in Tris-HCl (pH 7.4; IOO mM) at

25"C for six to eight hours.

The detection of peroxidative activity in the fed water of the aphids

proved rather difficult. No reaction was observed with o-dianisidine, 3-

amino-ethyl carbazole or guaiacol in the presence of H2O2 although

1 pglrnl of horseradish peroxidase gave a reactive band with all these

substrates. Peroxidative activity in the fed water of the two species was

eventually detected using an ultra-sensitive method based on

chemiluminescence (see "methods" in Section 3). Two bands of

peroxidative activity were detected in gels of SAA (Fig.2.3) while three

bands were detected in gels of PA fed water (Fig. 2.3). It was observed

that iso forms of proteins in the fed water of both species that were

detected as having DOPA-oxidase activity appeared to occur at the same

loci that exhibited peroxidative activity suggesting that the oxidases of

these aphids could be bi-functional. The relative ease with which the



F\g.2.3. Electrophoretic pattem of the salivary proteins of the spotted

alfalfa aphid (SAA) and pea aphid (PA).

Channel 1 : Molecular weight markers : (a) Thyroglobulin (669,000),

(b) Ferritin (440,000), (c) catalase (232,000), (d) Lactate

Dehydrogenase (140,000), (e) Albumin (67,000)

Channel 2 : Salivary proteins in fed water of SAA as identified by silver

staining

Channel 3 : Salivary proteins in fed water of PA as identified by silver

staining

Channel 4 : Lysis of salivary proteins of PA presumably due to the

effects of overcrowding

Channel 5 : Salivary proteins of SAA after isoelectric focussing as

identified by silver staining

Channel 6 : Salivary proteins of PA after isoelectric focussing as

identified by silver staining

Channel 7 : Polyphenol oxidase activity in fed water of SAA

Channel I : Peroxidative activity in fed water of SAA

Channel 9 : Pectinase activity in fed water of SAA near loading well

(negative prinÐ

Channel 10: "Nothing-Dehydrogenase"activity due to -SH groups in fed

water of SAA

Channel 11 : Polyphenol oxidase activity in fed water of PA

Channel 12 : Peroxidative activity in fed water of PA

Channel L3 : Pectinase activity in fed water of PA near loading well

(negative prinÐ
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Endo-polygalacturonase could not be detected on Phastgels which were

soaked in pectin after electrophoresis. The enzpe was detected,

however, at a distance of a few mm from the origin when the fed water

of both species was run on gels in which O.LVo pectin had been

incorporated before electrophoresis using the method described in

Cruickshank and Wade (1980). No clear conclusion could be drawn

regarding the electrophoretic mobility of the protein, however, because

of the effect the incorporated substrate might have on enzyrne mobility.

The specific assays detailed above for catalase, laccase, esterase,

B-glucosidase, invertase and ascorbate-oxidase were all negative.

DISCUSSION

The discovery by Miles and Harrewln (1991) that uncontaminated

soluble components of the saliva of aphids could be obtained in very

dilute form from water on which the aphids have attempted to feed has

been quite successfully employed in the present study to obtain

information on the composition of the salivary secretions of SAA and

PA. It has been stressed by many authors that membrane feeding,

however, is artificial and may not give rise to secretion of saliva strictly

similar to the composition of that injected into plants (Auclair, L963 ;

Klingauf, 1987). Nevertheless, the results of the present study confirm

observations by Miles and Harrewijn (1991) that this technique could be

used to differentiate the biochemical activity of the saliva of aphids.

Such studies could well be pertinent to the interactions of different

species of aphids with their food plants. It must be stressed, however,

that a thorough preliminary investigation of the behaviour of the species

concemed needs to be carried out in order to modify the feeding

technique to suit the nature of the specific species. A case in point is the
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difficulty encountered in getting the SAA to feed under these conditions

while species like Macrosiphum euphorbeae and Metopolophíum

diyhodum could be made to feed very easily and, consequently, were

found to secrete high concentrations of proteins into the diet. It was also

observed that it was nearly impossible to get individuals of Eriosoma

lanigerum (Eriosomatidae), a sedentary species of Aphidoidea not

belonging to Aphididae, to feed under these conditions.

The inherent lack of comparabitity between different groups of aphids in

different chambers because of obvious differences in the nutritional and

biological states of the individuals presented a serious problem which

was overcome to a large degree by exercising the uünost care in

handling of the aphids and by the use of the modified Coomassie blue

assay as an internal standard of the total amount of saliva collected. The

A2s0 value could also be used as a rather useful estimate of salivation

because of the significant correlation it had with the Coomassie blue and

because it is non-destructive.

The reaction of the fed water with reducing sugar reagents could be

attributed to the fact that the saliva of sucking insects that secrete a stylet

sheath has reducing properties and can, for example, reduce iodine to

iodide (Miles, 1987). Similar results were also reported by Miles and

Hanewijn (1991).

The presence of amino acids in the fed water was not unexpected. The

amino acid composition of the two species appeared to be rather

uniform, the only apparent exceptions being the presence of high levels

of GABA in SAA fed water and the presence of asparagine in PA fed

water. Miles (1964) generalised that amino acids necessarily occur in

the saliva of all sheath-producing species, whether Homoptera or
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Heteroptera, as part of the chemical requirements to prevent premature

gelling of the sheath precursors of the salivary glands.

Analysis of the fed water has not resulted in the identification of any one

likely factor in the causation of aphid-specific symptoms on luceme and

there appears to be no significant difference in the qualitative

composition between the fed water of the two species. The major

proteins in the fed water appear to be oxidases which have activity as

catechol oxidases, peroxidases and also non-specific oxidase activity

including oxidation of ascorbate and glutathione. Recent studies on

aphid-plant interactions suggest that specific features of these

interactions may be due to quantitative features of oxidation-reduction

cycles as much as specific chemicals involved in the reactions (Miles

and Oertli,1993).

Electrophoretic studies have revealed that with regard to SAA and PA,

the oxidative reactions are attributable to one and the same protein and

its iso-forms. It is possible this could be true of the salivary oxidases of

Aphidoidea generally since analysis of the fed water of M. euphorbiae

and M. rosae also revealed the presence of a single protein which gave

both the DOPA and the luminol reaction (unreported observations).

While spectrophotometric studies have shown that the fed water also

possesses the ability to oxidise ascorbate and glutathione,

electrophoretic studies reveal that there is no evidence for the presence

of a specific ascorbate-oxidase. This would seem to suggest that one

and the same protein (and its iso-forms) has a polyfunctional role by

which it can oxidise a wide spectnrm of chemicals. The existence of a

bi-functional enzyme system viz. peroxidase isozymes with phenol

oxidase activity has been reported in wheat seedlings (Badiani et al.,

1990). The ability of the salivary oxidases of the aphids to oxidise the
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so-called anti-oxidants such as ascorbate and glutathione is significant in

light of the findings reported by Jiang and Miles (1993) that these anti-

oxidants may oppose the action of the salivary oxidases.



CHAPTER 3

THE GENERAL NATURE OF SALIVARY

OXIDASES OF APHIDS AND A COMPARISON OF

THOSE OF THE SPOTTED ALFALFA APHID AND

PEA APHID

INTRODUCTION

polyphenol oxidase (catechol oxidase) and peroxidative functions have

been demonstrated in the saliva of certain aphid species (Peng and Miles,

1988; Miles and Peng, 1989; Miles and Harrewijn, l99I) and a

detoxificatory function of these enzymes has recently been established in

the rose aphid (Peng and Miles, 1988; Miles and Peng, 1989; Miles and

Oertli, Lgg3). Evidence presented in Chapter 2 indicates that the major

proteins in the saliva of the spotted alfalfa aphid (SAA) and pea aphid (PA)

appear to be oxidases. This chapter presents data on investigations which

were carried out to elucidate the nature and substrate specificity of the

salivary oxidases of SAA and PA.

METHODS

Collection of aphid saliva as fed water, electrophoretic separation of

salivary proteins, spectrophotometric scanning and the quantification of

salivary proteins using coomassie blue were carried out as described in

Chapter 2. For detection of enzynìe activity all substrates were used at a
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final concentration of 0.001 mg/ml, unless stated otherwise. Spectra taken

after incubation were corrected for the spectra of the starting materials and

for any autoxidative changes in controls. Such corrected spectra are herein

referred to as "subtraction spectra".

Phenyl thiourea (PTU; Dubois and Erway, 1946) and tropolone (Kahn,

1935) were used as inhibitors of catechol oxidase activity while catalase

(Peng and Miles, 1988) was used to inhibit peroxidase activity.

RESULTS

Range Of Substrates For The Salivary Oxidase

The oxidase in the fed water of both SAA and PA was able to oxidise a

wide range of chemicals which included phenols (both mono- and di-

phenols), alkaloids and a hydroxamic acid derivative, DIMBOA (Table

3.1).
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Table 3.1. List of compounds susceptible to oxidation by the salivary

oxidases of sAA and PA (spectral peaks with autoxidized control

subtracted) .

224 and304DIMBOA2

300ABTSl +

244 and302+

334Aniline +

302Hordenine +

307Gramine +

297

350 and 470

360acid

375Vanillic acid

254 330 and 380

318Cinnamic acid

382Caffeic acid

365Ferulic acid

376acid

297 315 and 468DOPA

250 438 and 47OCatechin

297 31 410 and 465Catechol

Absorption Peak(s) in nm of

oxidation
Compound

r RS1S = 2,2' - azino- di (3 - ethylbenzylthioazoline - 6 - sulfonic acid)

2ptvlsoA, = 2,4,- dihydroxy - ? - methoxy - 1,4 -benzoaxin - 3 - one
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Evidence For Tyrosinase And Laccase Activity

Compared with autoxidation in controls, much greater amounts of coloured

products were obtained when fed water was incubated with catechol,

catechin and DOPA, suggesting the existence of typical catechol-oxidase

(EC 1.10.3.1) activity (Table 3.1). The fed water of the two aphids was

also able to oxidise tyrosine, p-cresol and p-phenylene diamine indicating

ryrosinase (EC 1.14.18.1) and laccase activity (EC 1.10.3.2). Coloured

products were also produced withp-coumaric acid, ferulic acid, chlorogenic

acid, caffeic acid and vanillic acid, pyrogallol, gossypol and DIMBOA' All

the above reactions took place in the absence of added HzOz and were

completely inhibited by PTU (0.01 M) indicating a copper enzyme with a

broad spectrum of activity against phenolic substrates. None of these

reactions, on the other hand, were inhibited by tropolone which has been

shown to be a potent inhibitor of mushroom tyrosinase (Kahn, 1985). Kahn

(1985) demonstrated that tropolone at very low concentrations (6.7 pM)

was able to inhibit the oxidation of DOPA by mushroom tyrosinase,

whereas it can act as a substrate for horse radish peroxidase in the presence

of H2O2. The oxidation of DOPA and catechin by the salivary oxidases of

SAA and pA, however, was not inhibited even by very high concentrations

of tropolone. It was observed that when tropolone (1 mM) was present in

the mixture containing fed water and DOPA/catechin, a peak was observed

at 375 nm in addition to the peaks that were formed in its absence- When

reacted with tropolone alone, the fed water of both species similarþ

produced a greater peak at 37 5 nm ttran that occurring in a control solution

of tropolone alone, suggesting ttrat the peak which was observed at 375 nrrt

was due to the product of oxidation of tropolone (Fig. 3.1). It follows that
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the aphid salivary oxidases differ very significantly from mushroom

tyrosinase in their ability to oxidise tropolone. The oxidation of tropolone

by the salivary oxidases took place in the absence of added hydrogen

peroxide. úr the presence of substrates capable of generatin9EzOz (Jiang

and Miles ,1993a),the ability of aphid fed water to oxidise tropolone could

be considered a peroxidative function. On the other hand, aphid fed water

was able to oxidise tropolone in the absence of substrates or H2O2, hence

direct activity against tropolone appears to be established.

Results obtained from electrophoretic studies (See Chapter 2) have shown

that three DOPA-oxidase bands are present in the fed water of both SAA

and pA. This reaction with DOPA was completely inhibited when PTU

was present in the staining mixture. All three bands however, were visible

when tropolone, or catalase (to scavenge HzOz and thereby inhibit

peroxidative activity) was added, to the mixture thereby confÏrming the

results obtained using spectrophotometry and indicating that all three bands

are of copper enzymes with a broad spectrum of activity against a variety of

mono- and diphenolic substrates.

Evidence For Peroxidative Activity

The salivary oxidase was also able to oxidise gramine, aniline and ABTS in

the presence of H2O2, thereby presenting definitive evidence for

peroxidative activity. All these reactions were completely abolished when

catalase was present in the reaction mixture. As shown in Table 3.1, the

peroxidative activity of the fed water was also evidenced by the accelerated

oxidation by fed water of the compounds DOPA, catechin, ferulic acid,
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DIMBOA, pyrogallol and gossypol in the presence of added H2O2. T\e

peroxidative activity of the salivary proteins which was demonstrated using

luminol (Chapter 2) was completely abolished by catalase. Tropolone,

when added to the mixture did not abolish the reaction. PTU, when

present, however, completely inhibited the peroxidative activity of the

salivary enzymes thereby indicating the presence in the fed water of a

copper-containing peroxidase. The action of the salivary enzymes on the

peroxidase substrates gramine, aniline and ABTS was also completely

abolished by PTU.

Comparison Of Oxidase ActivitY

Comparison of relative oxidase activity of the two species using DOPA'

catechol and catechin as substrates revealed that the fed water of PA

possesses significantly greater oxidative capacity per unit of salivary

protein than the SAA (Table 3.2).
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Tabke 3.2. Comparison of oxidase activity in the fed water of the SAA and

PA. Results are expressed as percentage increase in oxidation (4 hours) of

the substrate over autoxidation in controls, per ,tttit I'tg of protein as

estimated by Coomassie blue (n = 3 ; P < 0'05)'

24.73 t r.895.7 r. t.6t2.5 t 1.2PA

4.81 t 0.091t2.3 t 1.36.28 10.91SAA

Catechin (A¿¡S)DOPA (Azgt)Catechol (AZgl)

Percentage IncreaseSpecies

Generation of HzOz

Analysis of spectra obtained after oxidation by fed water of catechin,

catechol or DOPA revealed the presence of a peak at 244 nm which was

abolished when catalase was present in the mixture (Fig. 3.2). A similar

peak was observed in the spectra obtained after catechin was autoxidised'

Analysis of spectra of mixtures which contained catechin and HzOz

revealed that the peak at 244 nm was due to the presence of HzOz in the

mixture. Although the true peak for H2o2 is at 240 nm, investigations with

varying concentrations revealed that the peak shifted towards 244 twt at

high concentrations of H2o2indicating that it may be influenced both by the

presence of catechin and the concentration. The modified method of

Badiani et aI. (1990) was used in an attempt to detect the generation of

HzOz. Aliquots of 400 pl from the reaction mixtures (catechin alone,

catechin + fed water and fed water alone, incubated for 4 hours at 25"C)

were reacted with 400 ¡rl of a O.0l7o solution of FeCl3 plus K3Fe(CN)o
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prepared under a nitrogen flux in the dark immediately before use. The

absorbance of the chromophore resulting from the interaction between

HzOz and the ferric salts was measured at 745.2 nm after 4 hours

incubation in the dark. Absorbance values at745.2 nm indicated generation

of H2O2in mixtures containing fed water of SAA and PA greater than could

be accounted for by autoxidation alone (Table 3.3).

Table 3.3 Generation of H2O2during oxidation of catechin by fed water of

SAA and PA (n = 3).

0.588 r.0.074Catechin + PA fed water

0.600 r 0.081Catechin + SAA fed water

0.378 r O.O32Catechin control

Absorbance at 745.2nmTreatment

DISCUSSION

Enzymes capable of oxidising phenols using oxygen as the electron

acceptor have been variously referred to aS "phenoloxidase",

"monophenoloxidase", "diphenoloxidasg", "polyphenoloxidase" and

"tyrosinase". These enzymes have been classified by the Intemational

Union of Biochemistry (1984) into three groups: Monophenoloxidase

(EC 1.14.18.1), Catechol oxidase (E.C. 1.10.3.1) and Laccase

(EC 1 .10.3.2). All these enzymes have copper as the prosthetic group and

are able to oxidise a wide range of diphenols. The salivary oxidase of SAA
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and PA possessed the ability not only to oxidise diphenols like DOPA,

catechin and catechol but also the monophenol p-cresol thereby exhibiting

both catechol oxidase and monophenoloxidase activity. Laccase activity

was evident because of the ability of the salivary oxidase to oxidise

p-phenylenediamine. The salivary oxidase of both SAA and PA was also

able to oxidise compounds like aniline, ABTS and gramine in the presence

of H2O2(a distinctive feature of a peroxidase, EC 1. 11. I.7). Catechol

oxidase and peroxidase activity had been demonstrated in aphid saliva

(Peng and Miles, 1988; Miles and Peng, 1989) although it was assumed

that separate enzymes were responsible. Electrophoretic studies described

here have revealed that the same proteins are able to exhibit tyrosinase,

laccase and also peroxidative activity providing evidence for a

multi-functional oxidase in aphid saliva. Peroxidases are generally haem

proteins and therefore are immune to copper chelators such as PTU.

Peroxidative activity in aphid fed water, on the other hand, was completely

inhibited by PTU suggesting the presence in the fed water of a copper-

peroxidase. The peroxidative activity of hemocyanin, a copper protein

found in the blood of crustaceans and mollusks, has been demonstrated by

Ghiretti (1956). Strothkamp and Mason (1974) have documented the

occurrence of pseudoperoxidase activity of mushroom tyrosinase albeit

under anaerobic conditions.

The fed water of SAA and PA is able to oxidise a wide range of aromatic

compounds that include single ring o-diphenols, flavonoids with an

o-diphenolic group, some p-substituted monophenols (e.g. hordenine),

alkaloids (e.g. gramine) and hydroxamic acid derivatives (e.g. DIMBOA).

The ability of the oxidase to act on hydroxamic acids and an indole alkaloid
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like gramine is of biological significance because these compounds are

found in close association with vascular bundles and have been implicated

as resistance factors to insects in cereals (Argandoia et al.,1987)'

Comparison of oxidase activity of SAA and PA did not reveal any

differences in substrate specificity or inhibitor response between the fed

water of these species. But there was a highly significant difference in the

quantity of oxidase that was secreted :- the PA, which can attack CUF 101'

a variety of luceme resistant to SAA, secreted at least twice as much

oxidising enzymes in its fed water as SAA. Miles and Harrewijn (1991)

presented clear evidence of differences in catechol oxidase activity of

different species and also suggested ttrat the generalist feeders such as

Myzus persicae and Macrosiphum euphorbiae appeared to possess more

oxidase per unit of salivary protein than specialist feeders lke Aphis fabae

and N¿so novia ribisnigrí.

Of significance is the fact that the results presented above are consistent

wittr the generation of H2O2 during the oxidation of catechin by the salivary

oxidase. The generation of H2O2 during the oxidation of catechin by

tyrosinase has recently been documented (Jiang and Miles, 1993a)' If the

action of salivary oxidases on phenols could result in the generation of

HzOzthe peroxidative activity of the salivary oxidase would be greatþ

enhanced resulting in a greater degree of oxidation of the same phenolic and

probably of other potentially deterrent compounds in a mixed solution'

Such a synergistic effect, brought about by the generation of H2o2, is quite

likely to enhance the oxidation efficiency of phenolic substrates
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encountered by the aphids thereby providing them with a very versatile

detoxifi catory mechanism.



CHAPTER 4

STUDIESoNTHEDISTRIBUTIONOFTHE
SALIVA OF SPOTTED ALFALFA APHID AND

PEA APHID IN THB HOST PLANT USING
RADIOISOTOPES

INTRODUCTION

Radioisotopes have been widely employed in studies of aphid-plant

interactions both as a means of determining the extent of salivary deposition

in hosts and as a method of tracing metabolites into the saliva and thus

identifying the salivary components (reviewed in Kloft et aI', 1968 and

Noordink and Harrewijn, 1988). This chapter describes results of

investigations on the distribution of the saliva of SAA in luceme plants

using radioisotopes. Included with these results is a comparison with PA'

which also feeds on luceme but, unlike SAA, does not cause systemic

symptoms.

METHODS

l4c-Glutamic acid (laC-Gtu; specific activity of 9.8 GBq/mmol) and

35S-sulphaß p55-SOot specific activity of 76.6 MBq/ml) used in these

investigations were purchased from Amershamru. Quantification of the

total amount of radioactivity (in aphids or in plant tissues) was achieved by

first drying the samples and combusting them in a biological oxidiser
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(Harvard Oxidiser Model OX600) after which activity was recorded as

counts per minute using a Beckman LS 5000 TD scintillation counter.

Translocation Experiments Using l4c-Gtu

Aphids were made radioactive by feeding them on a diet of l4C-glutÍtmate

(50 pl of 20:80 l4c-Glu:distilled water). Routinely, 0.1 g fresh weight of

aphids was used for the labelling experiments. These experiments were

carried out using feeding chambers described in Chapter 2.

Optimum duration of feeding required to label the aphids was determined

by feeding them on the radioactive diet for varying periods of time (2,4,6,

8, 12, 16 &. 24 h; n = 3) and then counting the activity after combustion.

Although mærimum acquisition of label was observed at LL - 12 hours, this

appeared to be at the end of a plateau of acquisition with a significant loss

thereafter. It was therefore decided in experiments that depended on the

active secretion of radioactive saliva by the aphids to use the somewhat

shorter acquisition period of 8 hours, when the aphids were most likely still

to be feeding actively and approaching ttre limit of radioactive uptake. This

time is hereafter referred to as the "optimum" acquisition period.

To determine the rate of resecretion of radioactivity after the aphids had fed

on radioactive diets, insects fed on lac-Glu for the optimum period of 8

hours were given nano-pure water immediately afterwards. The aphids

were exposed to the non-radioactive diets for varying periods of time (2,4,

6, 8, 12 &. 16 h; n =3) after which the diet was removed and subjected to

scintillation spectrometry afær the addition of 5 ml liquid scintillation

cocktail (Ultima Gold, Packardru).



47

To trace the distribution of radioactive aphid saliva in luceme the aphids

(10-15 adult apterae labelled as described above) were caged on shoots of

luceme (12-14 week old) and were allowed to feed for 24 hours. The

aphids were then removed and leaf samples were dried, oxidised and

counted. The treatments were replicated thrice.

Autoradiography

Luceme seedlings (5-6 week old) were first labelled using the method

modified from Mathews (1960). Roots of the seedlings were washed free

of soil and organic matter and rinsed with distilled water. The roots were

then dipped in an eppendorf tube containing 35S-SO4 (specific activity of

37 MBq/ml) for about 30 minutes. About 50-100 aphids were allowed to

feed on radioactive seedlings for a period of 8 hours after which they were

used for experiments. To detect local effects of feeding, the labelled aphids

were allowed to feed on excised leaves or were caged on intact leaves for

24 hours after which the leaves were autoradiographed. For translocation

studies the aphids were caged on luceme shoots as described above after

which the leaves were prepared for autoradiography. Autoradiography of

plant samples were carried out using methods modified from Crafts and

Yamaguchi (1964) using Kodak XAR-5 film. The plant specimens were

exposed to filrn in a Kodak film cassette in a -40" C freezer for 6 - 8 weeks

after which the films were developed in an automated X-ray film developer

(Curix, AgfarM).
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RESULTS

Results from preliminary labelling experiments indicated that a minimum of

5 hours of feeding on the radioactive diet was required for radioactivity to

be detected in a replacement diet. An optimum duration of feeding on

radioactive diet for both species (SAA & PA) was between 8-12 hours (Fig.

4.1). The pattern of cumulative resecretion of radioactivity into the diets by

the aphids thereafter is shown in Fig. 4.2a. Because of the regularity and

similarity of the curves for the two species, a comparison is made of the

data presented in Fig. 4.2b burt expressed as incremental increases with

time. It then appeared that SAA resecreted a larger proportion of its
acquired radioactivity into the diets during the initial two hour period than

equal fresh weights of PA. The significance of the difference was evident

when the same experiment was repeated using more replicates (n = 5; P <

0.05; Fig 4.3), confirming that SAA secreted significantly greater quantities

of acquired radioactivity into diets during an initial phase. Úr a parallel

experiment, diets exposed to aphids in a similar manner for two hours

showed parallel Coomassie blue reactions (SAA = 6.8 Fdml;
PA = 2.70 ¡tg/ml; n = 5; P < 0.05) which, as discussed in Chapter 2, were

assumed to indicate the presence of saliva; it seemed safe to conclude that

the resecreted radioactivity was also indicative of secretion of salivary

protein.

Translocation studies with caged aphids revealed that there was a,

significant difference in the distribution of the radio label between the

shoots fed upon by SAA and PA. Shoots fed upon by PA had a uniform

distribution of radioactivity while shoots fed upon by SAA appeared to be

concentrated at the growing tip (ANOVA; n = 3; P < 0.05; Fig.4.4).
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Fig. 4.5. Autoradiographs of luceme shoots fed upon by (a) SAA and
(b) PA showing sites of accumulation of radioactivity. The aphids were
labelled with 3sS. Arrows indicate position of cage.
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Fig. 4.6. Autoradiographs of leaflets of luceme fed upon by labelledaphids (3ss)
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Autoradiographs of shoots fed upon by aphids labelled with 35S-SO4,

appeared to confirm the above observation (Fig 4.5). Autoradiographs of

leaves on which the aphids had fed did not, however, reveal any significant

within-leaf differences between the effects of the two species (Fig 4.6).

Movement of radioactivity along the leaf veins was clearly noticeable.

Examination of feeding sites as evidenced by spots of particularly intense

radioactivity (Fig. 4.6) also revealed their preponderance along the veins.

Attempts to detect the possible occurrence of radioactive aphid salivary

proteins in the growing tips of shoots fed upon by SAA were unsuccessful.

Attempts to use micro-autoradiographic techniques (as described in

Richardson et al., 1989 & Baker, 1989) in order to further elucidate any

possible differences in localization of the aphid-introduced radio label were

also unsuccessful. Various technical problems were encountered in the

freeze-substitution process (a mandatory procedure while dealing with

autoradiography of diffusible compounds) which led to unsatisfactory

embedding of the tissues.

DISCUSSION

The transfer and spread of saliva injected by radio-labelled aphids into their

hosts was demonstrated in pioneering investigations on the interaction of

aphids with their host plants such as those of Kloft (1960)and Lamb et aL

(tgøl). Results presented above have shown that there exists a significant

difference in both the within-plant distribution and the timing of distribution

of radioactivity in luceme caused by the feeding of labelled SAA and PA.

Both species produce saliva of similar enzymic composition (see Chapter 2)
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but secretions of the SAA appear to accumulate preferentially in the

growing tips of luceme, where the characteristic symptom of vein banding

typically occurs. Evidence presented by Fonest and Noordink (1971)

suggests that aphids release secretions into the phloem vessels of their

hosts. This conclusion is corroborated by recent findings based on

electronic monitoring (Tjallingii and Hogen Esch, 1993) which suggest that

saliva is injected into the sieve elements during the feeding process.

According to Miles (1987) the leakage of watery saliva into the vascular

tissues of the plant probably accounts for the occuffence of systemic effects

of aphid feeding when these occur.

On the means by which the aphid actually achieves the directional spread of

its saliva, the present investigation did not provide definitive evidence.

Spread occurred mainly acropetally but also basipetally, implicating

distribution via the phloem sieve tubes, which transport bi-directionally

(Kursanov ,1984; Devine and Hall, 1990). A preferential acropetal spread

of SAA saliva in the vascular system may thus be accounted for if the aphid

were to be feeding selectively on the acropetal phloem, but it would also

occur if the insects somehow managed to get its saliva into the xylem in

which the flow is entirely acropetal.

How the aphids achieve injection of the saliva into the plant's vascular

transport system is not as simple a matter as it might seem superficially.

The morphology of the inner maxillary stylets of aphids shows that the

salivary canal ends before the food canal, and hence, potentially at least, all

or nearly all the saliva secreted once feeding conìmences could be sucked

back with the inflow of liquid food. Attempts to investigate any differences
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in stylet morphology between SAA and PA, using scanning electron

microscopic observation of the inner surface of the maxillary stylets,

revealed no distinctive differences (except in size) between the two species

(unreported observations). Nevertheless, rn vitro labelling experiments

have also shown that SAA appears to secrete significantly higher quantities

of salivary components during its initial period of feeding compared with

PA. This could be a behavioural rather than a morphological effect - i.e.

SAA may "spit more than suck" when first beginning to feed.

In comparing the distinctive symptoms caused by SAA and the lack of them

caused by PA, a further question that arises is whether the difference is due

to some chemical characteristic of the saliva, similarities of enzymic

composition notwithstanding. Unfortunately, attempts to identify

transported salivary components other than the radio label itself were

unsuccessful. At the same time, the saliva of aphids is known to possess

surfactant properties (Miles, 1965; 1972) and if the SAA were to possess

more surfactants in its saliva this might cause infiltration of the saliva into

neighbouring tissues, in particular into xylem, thus accelerating acropetal

transport. The saliva of SAA has also been shown to possess more

sulphydryl groups than the PA (Chapter 2) and this coupled with the

presence of general oxidative enzyme capacity could cause a significant

leakiness of the affected cells by attacking the sulphide-zinc linkages that

stabilise cell membranes (Bettger and O'Dell, 1981; O'Dell, 1981). A

further difference between the saliva of SAA and PA is the generally

smaller molecular weights of the salivary proteins of SAA, which again

might be linked to a particularly high mobility of its secretions within the

plant.
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All these possible explanations remain for the moment higttly speculative.

They were not tested in the present study and investigations of the purely

physical aspects of rate of salivation and of entry of saliva into vascular

tissue would probably require detailed studies on the mode of feeding of the

two species on luceme using the combined techniques of electronic

monitoring and transmission electron microscopy (fJaìlingii and Hogen

Esch, 1993). As for identification of possible chemical explanations, these

would almost certainly require furttrer refinements of techniques for

concentrating aphid saliva, perhaps coupled with studies using antibody

probes.



CHAPTER 5

BIOCHEMICAL RESPONSE OF LUCERNE TO
FEEDING BY THE SPOTTED ALFALFA APHID
AND PEA APHID: WITHIN.PLANT OXIDASES

AND ASCORBATE

INTRODUCTION

Plants have bottr static and dynamic defences and a proper understanding

of the functions of insect saliva and their impact on the plant must take

into account the responses of plants to insect feeding and the ways in

which the insects appear to counter them (Miles, 1990). Evidence

presented by Jiang and Miles (1993; and unpublished results) point to

the existence of a dynamic interaction between the defenses of insects

and plants, one which involves the oxidases of both the plant and the

insect, plant phenolic compounds and reductants such as ascorbate.

These compounds have been associated with lesion formation in studies

on the interactions of microbial pathogens and plants, especially in

incompatible host-parasite interactions (Goodman et al., L967). This

chapter presents results of investigations into ttre biochemical changes

induced in luceme by the feeding of spotted alfalfa aphid (SAA) and pea

aphid (PA), with special emphasis on the levels of oxidases and

ascorbate.

METHODS

Unless stated otherwise, leaf samples were taken from aphid infested

plants 14 days after infestation. By this time, SAA-infested luceme had

exhibited all the usual symptoms viz. vein banditg, chlorosis and
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necrosis of the leaves while PA-infested plants exhibited partial wilting

of the top shoots.

Enzyme Assay

I-eaves (0J-0.2 g) from healthy and aphid-infested plants were

snap-frozen in liquid nitrogen and were ground in a mortar with

phosphate buffer (0.02 tvl; pH 7.0). The homogenates were centrifuged

at 13,000 R.C.F. for 15 minutes at 4"C. The supernatants were used for

enzyme assays. Assays were carried out by monitoring the changes in

spectral absorbance using a Varian, DMS 1005 spectrophotometer

equipped with a DS15 data station.

For polyphenol oxidase, the method of Miles and Harrewijn (1991) was

used, with DOPA as the substrate. To 1.0 ml freshly prepared DOPA

(1 mM in 0.02 M phosphate buffer, pH 7.0), 20 ¡tl of extract was added

at time zero. A set of substrates with 20 ¡tl buffer added in place of

extract and another set of 2O ¡tl extracts in buffer without substrate was

also allowed to autoxidise simultaneously. Readings were taken 20

hours later at 438 nm against buffer for all the three sets. Polyphenol

oxidase activity was estimated by subtracting the values of both

substrate and extract autoxidation from enzymic oxidation.

For spectrophotometric detection of peroxidase, the method of Jiang and

Miles (1993) was employed. The assay was carried out in a 3 ml

cuvette containing 2 ml of phosphate buffer (0.02 tvl; pH 6.0), 50 ¡rl of

0.02 M guaiacol and 8 ¡tI0.3Vo HzOz. Readings were taken at 470 t:rrt,

one minute after the addition of 50 ¡rl of extract, against buffer

containing the same amount of guaiacol and HzOz. Peroxidative activity

in the extracts was also detected by staining with amino-ethyl carbazole
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(Kaplow, 1975) after iso-electric focussing of the extracts using the

PhastGelrM system as described in Chapter 2.

Determination of total proteins was carried out using the method of

Stoscheck (1990) using a Coomassie blue reagent from Bio-Rad.

Ascorbate Analysis

Total ascorbate content (oxidised plus reduced) was measured by the

microfluorometric technique of Deutsch and Weeks (1965), using a

Sequoia-Ttrmer fluorometer model 450 with 360 nm excitation filter and

> 415 nm emission filter. Tissue sap was obtained for ascorbate analysis

from leaves frozen in liquid nitrogen by using a sap extractor. The

frozen tissues were placeiin the nylon cups and the sap was extracted by

using a close-fitting plunger.

RESULTS

Protein And Enzyme Levels

Results of protein and enzyme assays are surnmanzed in Table 5.1.
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Table 5.1. Protein content (mglgfresh weight), peroxidase activity (A¿zo

guaiacol reaction after 1 min), polyphenol oxidase activity (A¿¡s DOPA

reaction afær 2O h) in healthy, SAA-fed and PA-fed luceme plants.

Means in the same columns differ significantly (P < 0.05; n = 3) unless

followed by the same letter.

Feeding by both SAA and PA resulted in decrease of total protein

content in infested tissues. Protein content of attacked leaves decreased

up to 50Vo tn SAA-fed plants and 39Vo in PA-fed plants compared with

leaves from healthy plants (Table 5.1). The assay for polyphenol

oxidase using DOPA revealed significantly higher levels of polyphenol

oxidase in aphid infested plants. Peroxidase activity was also higher in

aphid infested plants. SAA-infested plants exhibited significantly higher

levels of peroxidase than PA-infested plants. Isoelectric focussing of the

extracts on a PhastGel system revealed not only increased peroxidase

bands at loci evident in gels of samples from healthy leaves, but

additional bands in SAA-infested leaves (Fig 5.14). When SAA-

infested leaves were separated based on the nature of the symptoms viz.

non-chlorotic, vein banded and visibly chlorotic leaves, and subjected to

isoelectric focussing, all three categories of leaf samples revealed

increased peroxidative activity but the two additional isozymes were

seen only in extracts of leaves which exhibited vein banding (Fig. 5.18)

o.482tO.OzbZ.L4lrO.O9Oc13.5t1.8cPA-fed leaves

0.38310.015b4.r7 5tO.O39b11.1811.lbSAA-fed leaves

0.11710.009a0.51910.003a22.34xL.6aHealthy leaves

Polyphenol-
oxidase activity

Peroxidase
activity

Protein
content

Source



Fig 5.1. Peroxidase isozymes in healthy and aphid-infested tissues of
luceme.
41, healthy; 1^2, SAA-fed; 43, PA-fed
Bl, healthyi 82, SAA-fed non-chlorotic leaves; 83, SAA-fed leaves
exhibiting vein banding; 84, SAA-fed chlorotic leaf
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Ascorbate Assay

Results of ascorbate assays are presented in Table 5.2.

Table 5.2. tævels of ascorbate (oxidised plus reduced; mM) in healthy,

SAA-fed and PA-fed leaves of luceme (P < 0.05; n = 3). Means in the

same columns difler significantly (P < 0.05; n = 3) unless followed by

the same letter.

Total ascorbate content decreased in aphid-infested luceme and was

dependent on the sampling interval. SAA-fed luceme, however, had

significantly lower levels of ascorbate 24 hours after infestation when

compared with healthy or PA-fed lucerne. When leaves were sampled

10 days after infestation, although total ascorbate levels ïvere

significantly lower than healthy leaves, the ascorbate levels did not differ

significantly between species.

DISCUSSION

Results presented above indicate that there is a general increase in

oxidase activity accompanied with a decrease in the levels of ascorbate

(an indication of lower reducing activity) in plant tissues after aphid

attack. These finding are consistent with those of Jiang and Miles

(1993) who reported the existence of a greater oxidising capacity and no

detectable reducing capacity in SAA infested lucerne. The role of

oxido-reduction systems in plant pathogenesis has been widely studied

and the stimulation of oxidative enzymes has been described as a

universal response by plants to attack by microbial pathogens (Ward,

2.0610.13b6.62t0.25cPA-fed luceme

2.28t0.28b4.2210.17bSAA-fed luceme

8.09t0.01a8.24i0.008aHealthy

10 days24}J.Source
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1986). The same appears to be true of aphids and perhaps of insect

pests in general.

In the present study, while polyphenol oxidase levels were higher in

aphid-infested tissues, levels of peroxidase were found to be

significantly higher in SAA-infested luceme compared to those in

lucerne infested by PA. Of particular significance is the occuffence of

additional peroxidase isozymes in SAA-infested tissues and their

association with tissues that exhibit vein-banding symptoms. Virus

infected plant tissues have been demonstrated to exhibit similar changes

in peroxidative activity (with the appearance of additional isozymes)

which, in tum, have been shown to be associated with the development

of local lesions and systemic chlorosis (Bates and Chant, 1970).

Peroxidases have been studied extensively in plant-pathogen interactions

and although many functions have been postulated for them, identiffing

physiologically relevant roles in plant metabolism for specific peroxidase

isozymes has been difficult (van Huystee, 1987). Numerous studies on

plant-pathogen interactions have shown that peroxidase levels were

greatly enhanced when an incompatible host-pathogen interaction was

involved (Fric, 1980). Rustin et al., (1983) presented evidence to

demonstrate that loss of carotenoids and chlorophyll is a direct result of

oxidation induced by peroxidising conditions. Peroxidases have also

been known to be involved in superoxide generation (Mader et a1.,1980;

Lamport, 1936). Enhanced production of free radicals is one of the

many events associated with senescence and free radicals have been

implicated in membrane deterioration (Lynch and Thompson, 1984).

The accumulation of free radicals and lipid peroxides in SAA-infested

tissues have led Dillwlth et al., (1991) to associate the symptom caused

by the aphid with a senescence system activated by the aphid. Jiang and

Miles (1993) reported the occurrence of brown areas surrounding the
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feeding sites of the sAA in luceme. In the present study, similar

browning was not detected in tissues fed upon by the PA (unreported

observations). Lagrimini (1991) presented evidence to suggest that

peroxidases were responsible for the wound-induced browning in

transgenic tobacco.

Results of the present study were also consistent with the loss of

ascorbate during aphid attack. Previous studies by Jiang and Miles

(1993) and Miles and Oertli (1993) have established the importance of

antioxidants such as ascorbate in the interaction between aphids and

plants. Feeding by the SAA, however, appeared to cause a sudden drop

in ascorbate, whereas feeding by PA produced only a gradual drop. The

oxidases present in the saliva of both the aphid species have been shown

to be competent to oxidise/modify both ascorbate and glutathione

(Chapter 2). Evidence presented in Chapter 4 appeared to suggest that

the SAA was able to resecrete significantly greater quantities of

radioactivity (presumably containing salivary oxidases) during the initial

phase of feeding and this ability may be related to the sudden drop in

levels of ascorbate in ttre plant. With plant-pathogen interactions (most

notably those involving viruses), the disappearance or lowering of the

level of reducing agents like ascorbate has usually been correlated with a

necrotic reaction (Goodman et al., 1967; Adam et al., 1989). The

depletion of ascorbate is likely to enhance the action of the oxidases

(Miles and Oertli, 1993; Felton and Duffey, 1992) and therefore,

theoretically, should facilitate continued aphid feeding. Ascorbate has

been known to act aS a Scavenger of quinones, H2O2, free radicals and

lipid peroxides (Felton and Duffey, L992) and therefore a sharp decline

in ascorbate content could interfere with ttre ability of plant tissues to

overcome stress. Recent studies on the interaction of SAA and luceme

(Dillwith et al., L99l) have suggested that the damage caused by the
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SAA could be mediated by free radicals - a further consequence of

increased oxidation and lowered anti-oxidant activity.



CHAPTER 6

GENERAL DISCUSSION

The present study was originally designed to investigate the etiology of the

specific, systemic effects caused by the spotted alfalfa aphid (SAA)' and to

determine whether a possible explanation could be found in relation to the

interaction between some specific component of the salivary secretions of

the aphids on one hand and the biochemical response of luceme after aphid

attack on the other. A comparison was also made with the salivary

components of the pea aphid (PA), which also feeds on luceme but does so

without producing specific symptoms. In this chapter, results obtained from

these investigations are discussed in relation to their implications for the

etiology of the effects of SAA on luceme.

Although investigations on the salivary composition of the two aphid

species have not resulted in the identification of any specific salivary

"toxin" in the causation of aphid specific Symptoms on luceme, some

differences in relation to quantitative salivary composition, distribution of

saliva in luceme and biochemical reactions of luceme to attack by the two

species have emerged.

The pA, which can attack cultivars of luceme resistant to SAA, secreted

salivary enzymes with at least twice as much oxidising activity per unit of

protein as SAA. Nevertheless, significant differences were also observed in

both the within-plant distribution and timing of distribution of radioactive

saliva in luceme caused by the feeding of labelled SAA and PA. At the
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outset, there appears to exist a relationship between the total oxidative load

injected by an aphid during feeding and the amount of apparent damage that

is caused. A detoxificatory role for aphid salivary oxidases has been

established (Peng and Miles, 1988; Miles and Peng, 1989) and results of

the present study have shown that both sAA and PA are both equþed

with a versatile poly-functional oxidase that is capable of oxidising a broad

spectrum of PhYtochemicals.

It is widely known that plants respond to wounding by mobilising and

oxidising phenolic compounds. The initial phenolic monomers are usually

deterrent to insects while their final oxidation products (polymers) are non-

toxic but are deployed by the plant to seal off affected areas. The redox

hypothesis proposed by Miles and oertli (1993) suggests that the salivary

oxidases of the insects hasten oxidation in the affected tissues and thereby

decrease the concentrations of monomeric phenols and quinones but that

such detoxification is opposed by antioxidants in the plant' such as ascorbic

acid and glutathione. This would allow for a spectrum of effects which'

according to Miles (1990), would range from an inadequate capacity of the

insect to detoxify phytoalexins or static phytochemical defences (i'e"

resistance of the plant), through a well matched plant response and insect

counter response (i.e., tolerance or susceptibility of the plant)' to

hypersensitive reactions by the plant (resulting in manifestation of toxic

symptoms). The evidence obtained in the present study suggests the

existence of a mismatch of plant response and insect counter measures (i'e"

imperfect oxidation), in the relationship between sAA and susceptible

luceme plants thereby resulting in the expression of specific symptoms by

the plant. Results presented by Jiang and Miles (1993 & unpublished
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observations) were consistent with a general disturbance of redox balance

induced by the feeding of sAA on luceme, inter alia involving reduced

concentrations of ascorbate and glutathione and increased oxidase

(especially peroxidase) activity.

As discussed earlier (Chapter 4) when the feeding SAA and PA is

compared, the salivary secretions of sAA appear to accumulate

preferentially in the growing tips of luceme, where the vein banding

typically caused by the species first occurs. Thus it seems likely ttrat these

characteristic symptom must be related to the transport of factor(s)

associated with the aphid's saliva, and the question that remains is whether

such factor(s) are included in those already described, or still remain to be

discovered.

Since oxidases appear to be a significant feature of the saliva of aphids, it is

pertinent to consider their possible involvement in the symptoms produced

by SAA. In fact PA secretes more oxidase per unit of salivary protein than

sAA, but as Fig 4.5 illustrates, much of the saliva of PA remains close to

the feeding site, whereas that of the sAA travels rapidly to the tip, where

phytotoxic symptoms occur. It is possible, therefore, that the different

mobilities of the salivary components of the two aphid species is related to

the significant biochemical difference between the effects of their feeding

on luceme, namely that the tip leaves from SAA-infested plants exhibited

significantly higher levels of peroxidase per unit fresh weight than leaves

from PA-infested plants. of particular significance is the occurrence of

additional peroxidase isozymes in SAA-infested tissues and their

association with tissues that exhibit vein-banding symptoms (Chapter 5).
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Virus-infected plant tissues have been demonstrated to exhibit similar

changes in peroxidative activity (with appeamnce of additional isozymes)

which, in tum, have been shown to be associated with the development of

local lesions and systemic chlorosis (Bates and Chant, L97O>. Numerous

studies on plant pathogen interactions have shown that peroxidase levels

were greatly enhanced when an incompatible-host interaction was involved

(reviewed in Fric, 1980). Whatever the cause of the SAA-specific

symptoms, therefore, a disturbance that induces appearance of peroxidases

must be implicated.

Results reponed in Chapter 5 were also consistent with the loss of

ascorbate during aphid attack. This decrease of ascorbate content in

aphid-infested luceme was dependent on the sampling interval. At24 hours

after infestation, SAA-infested leaves had significantly lower levels of

ascorbate per unit fresh weight that healthy or PA-infested luceme. When

leaves were sampled after 10 days, however, total ascorbate levels, while

even lower than in healthy leaves, did not differ significantly between

species of infesting aphid. Recent studies on aphid-plant interactions have

reported loss of ascorbate after aphid infestation (Miles and Oertli, 1993;

Jiang and Miles, 1993). Since anti-oxidants such as ascorbate and

glutathione can oppose oxidative action, the loss of reducing activity in

aphid-infested tissues would almost certainly enhance the action of salivary

oxidases and therefore, theoretically should facilitate continued feeding.

The present study has demonstrated that the aphid salivary oxidases are

quite competent to modify/oxidise both ascorbate and glutathione. Feeding

by SAA appeared to cause a sudden drop in ascorbate in tip leaves,

whereas, feeding by PA produced only a gradual drop in ascorbate. The
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rapidity of the secretion of salivary enzymes by SAA during ttre initial

period of feeding and the rapid accumulation of its enzymes in the

meristematic leaves could probably account for the sudden drop in

ascorbate levels in the plant. As discussed in Chapter 5, the disappearance

or lowering of the level of reducing agents such as ascorbate has usually

been correlated with a necrotic reaction (Goodman, et a.1., 1967; Adam et

at.,l9B9) and since ascorbate has also been known to act as a scavenger of

quinones, HzOz, free radicals and lipid peroxides (Felton and Duffey,

lgg}), a sharp decline in ascorbate content could interfere with the abilþ

of plant tissues to overcome stress. Recent studies on the interaction of

SAA and luceme @illwith et al., 1991) have suggested that the damage

caused by SAA could be mediated by free radicals - a further consequence

of increased oxidation and lowered anti-oxidant activity.

These findings, considered together, would indicate that the symptoms

caused by SAA are consistent with a loss of control by the plant of

oxidative reactions in those vascular tissues to which the insects' salivary

secretions are known to be rapidly transported. Thus it is tempting to

ascribe the plant's loss of oxidative control to the influence of the insect's

own oxidases, which are poly-functional and could be responsible both for

the appearance of oxidative free radicals (as a result of peroxidase activity)

and destruction of ascorbate and/or glutathione scavenging systems.

Certainly these activities could cause or contribute to the necrotic

symptoms that are observed. PA also secretes similar oxidative enzymes,

but its radiolabelled saliva does not reach the growing tip leaves in as great

a quantity as that of SAA within 24 hours. On the other hand, peroxidase

isozymes that appear in leaves affected by SAA do not seem to coincide on
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electrophoretic gels with those of SAA itself. They are produced in large

enough quantities to be readily identifiable on gels yet no such radioactive

components can be found in leaves after feeding by the radiolabelled

aphids. Thus, while these specific peroxidases are clearly associated with

the toxic symptoms in the plant, they would seem equally clearly not of

insect origin. It follows that if SAA's own enzymes, including its oxidases'

contribute to the specific symptoms that this species causes, they must do

so by causing or in association with other, more proximal processes'

Before further discussion of the possible etiology of the symptoms caused

by the SAA, it is perhaps necessary to consider briefly ttre distinction

between local and systemic effects of aphid salivary secretions and the

possible biological significance of any systemic effects. The redox

hypothesis, alluded to above, relates the functions of salivary oxidases to

essentially local not systemic reactions. Thus the accumulation of salivary

components near the feeding site of PA could well be related to its ability to

feed on cultivars resistant to SAA. That does not exclude the possibility

that the salivary oxidases could have additional, systemic functions. The

question then arises, e.g. with respect to the symptoms caused by the SAA,

of whether such systemic effects have any or long ærm significance to the

survival of the insect. It is always possible, for instance, that the effects are

incidental to the feeding process of the insect and have been neither

selected for nor against.

It is not within the scope of the present study to present an ecological

comparison of SAA and PA, nevertheless it may be pointed out that ad hoc

experience with maintaining cultures of the two species did not indicate ttrat



67

either had any overwhelming advantage over the other. Both aphids are

highly destructive of their food plants but appear well able to exploit the

plants to great reproductive advantage. The symptoms caused by the two

species are different, however, and it is possible that they exploit the plant

in somewhat different ways. It has generally been considered that a group

of aphids feeding on a plant represent a sink, competing with other sinks,

and it could be argued that SAA, by accelerating the destruction of growing

tips, is able to maximise its supply of phloem sap by decreasing the

amounts going to other sinks. PA clearly also ingests large amounts from

the plant without causing specific necrotic symptoms but as pointed out by

Mittler and Sylvester (1961), it does so instead by a prodigious ability for

rapid consumption. All that can be stated in this context is that a prima

facie case can be made that tip necrosis could be advantageous to SAA,

and that this could conceivably implicate the insects salivary oxidases, at

least in a contributory function. If so, it would give such enzymes a

significance independent of any detoxificatory function. Indeed, as

discussed above, the activity of oxidases in the etiology of the systemic

symptoms caused by SAA would seem to be the creation of destructive

radicals and the simultaneous destruction of free radical scavengers such as

ascorbate and glutathione.

As already pointed out, it would be easy to ascribe such a function to the

salivary oxidases of SAA. Although the enzymes found in the saliva of PA

are similar to those of SAA, there are other differences in the salivary

secretions of the two aphids, which, along with possible (although as yet

uninvestigated) behavioural differences could account for the different

effects of the two species. As discussed in Chapter 4, the surfactant
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properties and the sulphydryl content of the saliva of SAA, along with its

oxidases are likely on a príod grounds to have a destabilising effect on cell

membranes. Moreover, the rapid movement of SAA saliva to growing tips

and its rapid spread in tip leaves is also consistent with the power of the

secretion to move between and out of the cells of vascular tissues. Further,

there is also the possibility that differences in the details of the feeding

behaviour of SAA and PA, in particular in the placement and the rate of

discharge of saliva, could in some way contribute to different effects of

these secretions on host plants. Nevertheless, despite such arguments and

the circumstantial evidence in favour of a role for the known salivary

components of SAA in the symptom it causes, it is not possible at this stage

to rule out the involvement of a so far undiscovered salivary toxin.

In conclusion, the present work, presents an addition to the general

knowledge and understanding of aphid salivary secretions and to the

methods for investigating them. It has not been possible to identify

definitively any one factor as the cause of aphid-specific symptoms in

luceme. Nevertheless, some promising lines for future research can now be

proposed based on the new evidence that has emerged. Whatever the initial

cause of SAA-induced symptoms, they most likely involve the peroxidative

generation of free radicals and rapid destruction of the plant's protective

antioxidant systems. This could, perhaps, be initiated by the aphids'own'

fast-moving oxidases, which cause positive feedback from the plants own

defences giving rise to toxic chemicals such as quinones and/or free

radicals, bringing about the necrosis observed in the vascular tissues of the

plant.
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Whatever the value of this interpretation, as a result of the present work, it

is now possible to collect, analyse and concentrate the salivary secretions of

aphids. Determination of the actual effects of the individual salivary

components on host plants should now be possible when the enzymes are

collected in sufficient quantities by application of sophisticated biochemical

techniques for protein purifîcation. Immunological techniques involving

antibody probes could then be used to gain a better understanding of the

actual effects of the saliva on host tissues. The finding that the salivary

oxidase of aphids is poly-functional certainly warrants detailed

investigations on the biochemical nature and properties of the protein

following purification. In order to gain a better understanding of the actual

mechanism of feeding of SAA on luceme, a thorough investigation using

the combined techniques of electronic monitoring and transmission electron

microscopy, needs to be done in order to shed light on the physical aspects

of the rate of salivation and of details of the entry of saliva into vascular

tissues.
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Detection of salivary enzymes of Hemiptera

The detection of salivary enzymes of phytophagous Hemiptera: a

compilation of methods

V.V. MADHUSUDHAN, G.S. TAYLOR1 and P.V/' MILES,

Department sf Crop Protection. Waite Agricultural Research Institute. P.B.1 Glen

Osmond. South Australia 5064.

SummarY

The role of Hemipteran saliva and salivary enzymes is central to an

understanding of the etiology of damage that these insects cause to plants. The

dilute natgre of the salivary secretions and the minute quantities in which they are

often obtainable have made analysis and detection of salivary components very

difficult. Such investigations in this laboratory have led us to formalise the

techniques involved and we believe that the compilation of these methds presented

herein may be useful to other research workers in this area. Methods are described

for acid and alkaline phosphatase, esterase, p-glucosidase, carbohydrases,

invertase, amylase, proteinase, pectinase cellulase, catalase, peroxidase, catechol

oxidase, superoxide dismutase and ascorbic oxidase.

Key Words: salivary enzymes of Hemiptera, methods of detection

Introduction

Due to the economic importance of Hemiptera, the phytotoxic symptoms

produced by many of the exclusively phytophagous Hemiptera: Homoptera, and by

phytophagous members of the Heteroptera have for many years attracted

investigation of the role of salivary secretions (Smith, 1920, Strong, 1970, Miles,

1937). The saliva of these insects is a complex secretion known often to contain

enzymes implicated in such phytotoxicoses (reviewed in Miles, 1972 and Miles,

1987), as well as acting as a vehicle for various phytopathogens.

V/hite an undersranding of the activity and composition of the saliva of

Hemipterans has often been considered of paramount importance in the study of

insect-plant interactions many studies on the etiology of plant damage by salivary

enzymes have previously relied on homogenates of the entire insect body, of the

head only, or of dissected salivary glands rathor than the procuremont of pure

I For correspondence



2
saliva. The problem of distinguishing body or cell contents from the secretions

actually ejected renders the analysis of whole tissues, even of the salivary glands

themselves, of uncertain relevance. Major advances became possible only when

"pure" saliva could be collected in sufficient quantities for analysis, but often

required modification of conventional methods of analysis to enable the detection of

minute activities in very dilute preparations.

For the detection of enzymes in salivary secretions a wide range of methods

have hitherto been employed by research workers and it is the purpose of this paper

to present a compilation of such techniques, and their reflrnements for use in studies

on insect-plant interactions. Most of the methods outlined here are based on

conventional histochemical techniques that have been used on salivary gland

extracts, hormone-induced saliva or aphid fed-water (as described in Miles and

Harrewijn, 1991). The techniques for preparing polyacrylamide gels is beyond the

scope of this paper and has been widely described in great detail elsewhere (eg.

Bollag and Edelstein, 1991).

Materials and methods

Methods lgg collection and separation o:[ salivary preparations

Collection of watery saliva for enzyme tests

Secure large Heteroptera (>15 mm) undamaged and upside down on

polystyrene foam by pins crossing the abdomen and thorax, and apply 2O ¡tI200
gÂitre free pilocarpine base in acetone (Binnington and Schotz, 1973) to the

abdomen. Place a20 ¡tlDrummond Microcapsru tube with its tip in contact with

the end of the rostrum to collect the saliva. Salivation can be induced and/or

enhanced by placing the insect in a stream of warm afu (4O-44"C).

Preparation of gland extracts for enzyme tests

Dissect whole salivary glands of Heteroptera (>6 mm) in isotonic saline,

rinse in distilled water, grind with a glass rod in 1.5 ml Eppendorfru tubes in20-

100 pl water and centrifuge.

Collection gf dilute salivary preparations

Brush about 0.1 g aphids (Homoptera: Aphididae) into each of up to 10

feeding chambers modiflred from black, 35 mm, plastic film canisters (Miles and

Harrewijn, l99l). Dispense a volume of at least 2O ¡tl nanopure water onto a

Pa¡afilmru film stretched over a hole punched in its lid and place a coverslip there-

on to transform the droplet into a thin film and to reduce evaporation. Place

chambers at 25"C over water in a sealed container illuminated from above with
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yellow light (light dark; 16:8), and collect salivary preparations ("fed-water") at 16

h and concentrate under vacuum using a Savant SpeedVacru evaporative

concentrator. A 50 pl sample containing 5 mg/litre protein can be concentrated to 5

pl in 15 min.

Electrophoretic separation of proteins

An account of the micro-electrophoretic separation of salivary proteins used

in this laboratory is as follows: either 2 ot 5 pl aliquots of watery saliva, gland

extract or dilute salivary preparation were applied, using 8/l or 6/4 Phastgelru

applicators respectively and run as per Phastsystemru Text File 120 on a native

gradient 8-25 gel for 225 volt hours in a Pharmacia LKBru Phastsystem separation

unit. Protein bands were either developed with Phastgel silver staining method (as

per Phastsystem Text File 210) in a Pharmacia LKB Phastsystem development unit

or stained with Coomassie blue (as per Phastsystem Text File 200). Iso-electric

focussing was also used to separate the salivary proteins and was carried out on

Phasrgel-IEF pH 3-9 gels (as per Phastsystem Text File 100). Molecular weights

of the salivary proteins were estimated using a Pharmacia high molecular weight

marker kit.

Methods of enzyme analysis: hydrolases. lyases 4d transferases

Acid phosphatase

Add 10 pl saliva or salivary gland extract to 10 pl of a 1:1 mixture of

Mcllvaine citrate buffer (pH 5.0) (Pearse, 1968) and Sigmaru phosphatase

substrate (4 glllre aqueous disodium p-nitrophenyl phosphate), incubate at 35'C

for 3 h, make up to 70 pl with 0.1 M NaOH and compare colours with controls in

which water replaces the enzyme source. Appearance of a yellow colouration,

intensifying on addition of NaOH, indicates phosphatase action.

Alkaline phosphatase

Method 1: Incubate gel in a 50 mM bicarbonate/carbonate solution (pH 9.6)

containing 1 pM zinc chloride,0.1 mM magnesium chloride,20 mM ø-naphthyl

phosphate and I g/litre Fast Red (Wv) at 4'C until zones of enzymatic activity

appeff as red-brown bands (Hodson and Skillen, 1988).

Method 2: Add 10 pl saliva or salivary gland extract, mixed with 2 pl I M

sodium acetate, to 12 ¡tl of a 1:l mixture of Sigmaru alkaline buffer solution (1.5

M 2-amino-2-methyl-l-propanol, pH 10) and Sigmaru phosphatase substrate (4

g/litre aqueous disodium p-nitrophenyl phosphate), incubate at 35'C for 3 h and
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make up ro 70 pl with 0.1 M NaOH. A yellow colouration indicates alkaline

phosphatase.

Esterase

Incubare gel in a mixture of 300 mg/litre cr-naphthyl acetate, 300 mg/litre p-

naphthyl acetate and I g/litre Fast Blue RR in 0.1 M Tris HCl buffer (pH 7.0) until

blue bands appeil (Shaw and Prasad, l97O).

Þ-glucosidase

Soak gel in 0.2 M sucrose in 50 mM phosphate buffer (pH 7.0) for 30

min. Stain in freshly prepared I g/litre 2,3,5-triphenyltetrazolium chloride in 1 M

NaOH (Gabriel and Wang, 1969). Pink bands indicate the presence of a p-

glucosidase.

Lipase

Method 1: To 10 pl saliva or salivary gland exfiact, buffered with 2 pt I M
sodium acetate, add 5 pI400 mg/litre bromocresol green and adjust to pH 5 with pt

quantities of 0.1 M HCl. (In this laboratory colours were compared with BDHTM

Capillator microcapillary pH standards). To further 10 pl aliquots of salivary

extracts repeat using other indicators (in place of bromocresol green) and pH values

as follows: 400 mg/litre bromocresol purple (for pH 6), 400 mg/line bromothymol

blue (for pH 7) and 400 mg/litre phenol red (for pH 8), each time adjusting to

respective pH values with either 0.1 M HCI or 0.1 M NaOH. Bring all to a

common volume, mix with equal volumes of a mixture, SigmaN lipase substrate

(stabilised olive oil emulsion) 10:1:1 with 1 M sodium acetate and 400 mg/litre

indicator solutions similarly adjusted to the respective pH values and incubate at

35"C for 3 h. Lipase action is indicated by a colour change towards a more acid

pH in the incubated mixtures.

Method 2: Incubate 20 pl saliva or salivary gland extract in 500 pl olive oil

containing a drop of the lipase accelerator, sodium taurocholate at25"C for 24h
and titrate with 5 mM NaOH using phenolphthalein as an indicator. Lipase activity

is suggested by an increase in acidity due to the release of fatty acids and a

consequential increase in the volume of NaOH required for titration.

Colorimeric tests for carbohydrases

Incubate 10 ¡rl sativa or salivary gland extract in each of 20 ¡tl20 glllt.e

maltose, cellibiose, melibiose, lactose, sucrose and raffinose at 35'C for 3 h in 1.5

ml Eppendorf tubes, add 100 pl Tauber and Kleiner (1932) copper lactate reagent,

place in a boiling water bath for 15 min and add 200 pl of Nelson (1944) reagent.
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Release of reducing monosaccharide from substrates is indicated by an increase in

blue colouration. Absorbance may be read spectrophotometrically at725 or 500

nm (the latter for darker solutions) and compared with a substrate control in which

water replaces the extract.

Invertase

Incubate gel in 0.2 M sucrose at 37"C for 3 h. Rinse in water, dry in

warm air and dip in a silver nitrate reagent prepared by adding 100 pl saturated

silver nitrate to 20 ml acetone and then dissolving the precipitate by the addition of

a few drops of water (15-20 pl). Transfer gel to ethanolic sodium hydroxide

prepared by adding 20 ml ethanol to I ml of saturated aqueous NaOH. Excess

reagent can be removed by soaking the gel in 100 g/litre sodium thiosulphate for 15

min. Regions of invertase activity appeff as black bands.

Amylase

Method 1: Incubate gel in 5 g/litre starch and2 mM calcium chloride in 0.1

M Tris (pH 7.6) for 2 h. Rinse in water and treat with 30 g/litre potassium iodide

for 10 min. Amylase bands appear light against a blue background (Lacks and

Springhorn, 1980).

Method 2: Incubate 10 ¡rl saliva or salivary gland extract in an equal volume

of 10 g/litre starch in 2 glitre NaCl at 35"C for 3 h and add 10 pl of a solution

containing 500 mg/litre iodine, 10 g/litre potassium iodide and | 7o hydrogen

peroxide (HZOù. Digestion of starch is indicated by differences from the

blue-black colour of the starch-iodine complex formed by a substrate confol. The

peroxide is included to prevent reduction of the iodine by reducing substances in

the gland extracts (Miles, 1967, Miles and Harrewijn, 1991).

Proteinase

Method 1: Incubate 10 pl saliva or salivary gland extract in an equal volume

of 20 gllitre azoalbumin at 35'C for 3 h, add 2O pl 100 gllitre trichloroacetic acid

centrifuge and compare colour of supernatants with controls in which water

replaces extract and substrate respectively. The appearance of a yellow supernatant

indicates proteinase activity.

Method 2:Place drops of saliva or salivary gland extract on exposed and

developed photographic film and incubate at 25" C for 24 h at high humidity. Clear

spots on the film indicates digestion of the gelatin layer by proteinase.
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Pectinase

The method of Cruickshank and Wade (1980) enables simultaneous

detection of pectinesterase, endo-polygalacturonase and pectin lyase enzymes.

This was modified as follows: soak gel overnight in 1 g/litre pectin, subject it to

electrophoresis under the standard conditions described earlier, then incubate at

25"C ln 1 g/litre malic acid for I-2 h. This can be extended for up to 16 h

depending on the porency of preparations. Rinse gel in water, stain in 200 mg/litre

ruthenium red for 0.5-2 h and destain in water. Pectinesterase bands appear dark

on a red background while polygalacturonase produce colourless bands. Pectin

lyases are evident as yellow zones or clear zones with yellow margins.

Cellulase

Place gel on a 20 g[ive agar overlay containing 1 g/litre carboxymethyl

cellulose in 50 mM disodium phosphate and 12.5 mM citric acid (pH 6.3) and

incubate at 60'C for 1-3 h. Stain agar overlay in I g/litre Congo Red and destain in

I M NaCl for about 15 min. Regions of cellulase activity appear as red bands

(Beguin, 1983).

Microviscosimetric tests for pectinase and cellulase

Figure 1

near here

Incubate 2 ¡tl of saliva or salivary gland extract in substrates of 10 pl l0
g/litre polyglacturonic acid (for pectinase) and 25 gllitre methyl cellulose (for

cellulase) at 25"C for I h and measure the reduction in viscosity using a

microviscometer (Fig. l; Hori and Miles, L993). Typically a head height of 20-30

mm gave run times of 20-30 s for controls whereas standard preparations of I
g/litre Sigmaru pectinase or cellulase reduced run times of appropriate substrates to

1-2 s.

Methods of enryme analysis: Oxido-reductases

Catalase

Soak gel for 45 min in a solution prepared by mixing 10 rnl of 50 mM

phosphate buffer (pH 7.0), 1.25 ml 4 gllitre di-amino benzidine and 500 pl I gûitre

horseradish peroxidase. Rinse gel in water and immerse in 0.02 M H2O2 until

achromatic bands appear on a blue background (Gregory and Fridovich, I974)

Peroxidase

Method 1: Immerse gel in freshly prepared 500 mg/litre 3-amino-9-ethyl-

carbazole in 5Vo dimethylformamide in 50 mM acetate buffer (pH 5.0), containing
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50 ¡tI30VoHZOZper 100 ml, for 15 min. Peroxidase isozymes appear as reddish

bands (Kaplow, 1975).

Method 2:For preparations containing minute quantities of the enzyme an

alternative assay based on chemiluminescence has been used very successfully in

this laboratory: immerse gel in a 1:1 mixture of Amersham* ECL Western blotting

detection reagents RPN 2109, known to contain luminol andH2O2 respectively,

for up to 2 min. Blot dry, wrap in Glad-Wrap* and expose to X-ray film in the

dark for up to 4 h. Zones of peroxidase activity appear as dark bands on the

developed film.

Catechol oxidase

Method 1: Immerse gel in 0.01 M catechol and 0.01 M L-proline in 0.1 M

phosphate buffer (pH 7.0) for 30-60 min. Catechol oxidase appear as bluish-

orange bands (Jolley and Mason, 1966).

Method 2: Incubate gel in 0.01 M DL-3-13,4-dihydroxyphenyll-L-alanine

(DOPA) in 0.1 M Tris-HCl buffer (p}J7.Q. Samples with enzymes of very low

potency require incubation periods of up to 5-6 h. Catechol oxidase activity is

indicated by the appearance of grey bands. This method is somewhat more

sensitive than the above.

Method 3: Transfer dissected glands directly into I gflitre DOPA in

phoshate buffered saline (pH7.Ð (200 mg/litre potassium chloride, 200 mg/litre

potassium dihydrogen phosphate and 1.15 g/litre dipotassium hydrogen phosphate

in 8 g/litre NaCl) and incubate at 25'C for at least t h. Sites of oxidase activity

turn dark brown.

Spectrophotometric method for catechol oxidase and peroxidase

Incubate 10 pl saliva or salivary gland extract in 100 pl 100 g/litre catechol,

either with and without I ¡tl 37o HZOZ at 25"C overnight. Incorporate 2 sets of

control solutions containing ìvater in place of catechol and saliva respectively.

After incubation add 500 pl water to all reaction mixtures and controls, and record

spectra between 350 and 900 nm vs water in narrow width cuvettes. Subtract the

corresponding control spectra for saliva and substrate with and withoutH¡O2for

catechol oxidase and peroxidase, respectively using a suitable recording

spectrophotometer. A Varianru DMIOOS spectro-photometer with a DS-15 data

station is used in this laboratory.
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Superoxide dismutase

Immerse gel in 2.45 mM nitro-blue tetrazolium for 30 min, transfer to a

solution containing 36 mM potassium phosphate, 28 mM TEMED and either 500

¡rM riboflavin or 25 pM ascorbic acid for 15 min. Remove and place at 15 cm

distance from a fluorescent lamp for about 20 min. Regions of superoxide

dismutase activity appear as clear (colourless) bands on a blue background

(Beauchamp and Fridovich, 1971).

Ascorbate oxidase

Incubate gel in 0.1 M HZOZfor 20 min and follow method for the detection

of superoxide dismutase (Maccarrone et al., 1990).
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Caption to figure

Fig. 1. Microviscometer for pectinase and cellulase tests. A, water head tube of
adjustable height; B, fixed water head tube; C, three way stopcock; D, Microcapru
holder and 25 pl capillary tube; E, detail of capillary showing solution in place to

run between two marks. The water levels are equalised with the stopcock turned

air-water head, then the head height is set with the stopcock turned air-capillary.
The sample is brought to the first mark using another Microcap assembly, and the

movement of the sample to the next mark is timed with a stopwatch when the the

stopcock is turned capillary-water head.
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Page

t2
t4
21

23

Legend to table 12, after 'means'insert: 'of A2s9 of fed water, r: 5,'

Line 3, after Tr{anopure water'insert: 'from an electronically monitored ultrafiltration unit'

Line 5, after'analysis of insert: 'single samples of
Throughout first paragraph, replace'involved immersing the gels'with: 'the gels were

immersed'

Line l, replace'The first'with: 'In the first'

Lines 3 and 6, replace'The method'with: 'Using the method'

24 Paragraph 5, replace'a 10 ml'with: '10 ml of
27 After first paragraphinsert new paragraph: 'All gels were run with marker proteins in the

outside channeis, and approúmate molecular weights of proteins in the other lanes were

calculated accordingly. Results using the PhastGel system were remarkably consistent, and

in Fig. 23,the one representative gel of marker proteins (channel l) provides a general

comfarison of molecular weights in all other channels with the exception of 5 and 6, which

were obtained using the PhastGel electro-focussing system.'

Line 14, replace'amenable' with:'suitable'

On the page following2z, i.e. in the legend to Fig. 2.1, after Molecular weight markers'

insert: 'irõviding an approximate comparison for all channels except 5 and 6 (see text)'

2g penultimate line, replace'activity suggesting'with: 'activity. Moreover both activities were

abolished in the presence of 0.01 M phenylthiourea, an inhibitor of copper-containing phenol

oxidases but noftypically of peroxidases. As discussed in the next chapter, use of specific

inhibitors and substrates pointed strongly to the occurrence in the saliva of isozymes of a

hitherto uncharacterised copper-containing enzymes having both catechol oxidative and

peroxidative activity, i.e.'

3l paragraph2, replace 'obvious differences .... degree' with; 'possible differences in their

preuious nutritiõnal history and handling presented a potential problem that was minimised'

48 End of penultimate line, replace'be'with: 'have radioactivity'

49 End of line 3, replace'significant'with: 'visuaþ obvious'

5l Line 13, after'label itself insert: by definitive identification of enzymes specific to the

insects'

64 Line 18, after'ascorbate'insert: 'and general antioxidant activity'

Line 19-20, delete: 'and glutathione can'

Antipenultimate line, replace'both ascorbate and glutathione'with: 'ascorbate'

66 Lines I -3, replace 'those of SAA . . . . radiolabelled' with: 'peroxidative bands in the fed water

of SAA run in adjaoent channels. The peroxidases that arose in leaves affected by the aphid

were readily i¿enti¡aUte by their biochemical activity, but showed no radioactivity after

feeding by radiolabelled'

67 Line I l, replace 'it does so instead by a' with: 'it it just as destructive as the SAA due to its'




