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STELLINGEN 

1. De toepassing van genetische manipulatie-technieken voor de overdracht 
van res is tent ie tegen insekt iciden naar predatoire of parasi taire 
insekten die als biologische vijanden in de bes t r i jd ing van plaaginsekten 
kunnen worden ingezet, i s een stap terug in het noodzakelijke proces van 
sterke terugdringing van het gebruik van de milieu-belastende insekt ic iden. 

Carson, R., 1963. Dode lente. H.J.W. Becht's U i tg . M i j . , Amsterdam. 

2. De landbouwkundige toe la t ing van plantmateriaal of microttrganismen 
welke via genetische manipulatie z i j n verkregen dient aan een gefundeerde 
wetgeving onderworpen te worden in plaats van aan de regelgeving die door 
ad-hoc commissies to t nog toe inderhaast werd geopperd, om mogelijke 
nadelige ecologische consequenties van toe la t ing achteraf te kunnen recht-
vaardi gen. 

3. In het door p r i va t i se r ingsd r i f t begeleide enthousiasme over de mogeli jk
heid die de moleculaire genetica momenteel biedt om resistent iefactoren 
die s t r i c t op één gen berusten, over te brengen naar planten, gaat 
voorbi j aan de naar verwachting korte duur waarin de doel insekten een 
dergel i jke monofactoriële res is tent ie doorbreken. 

McGaughey, W.H., 1985. Insect resistance to the b iological insect ic ide 
Baci l lus thur ing iens is . Science 229: 193-195. 

4. Peulvruchten z i j n b i j u i tstek geschikt als 'vierde gewas' ter verruiming 
van de vruchtwisseling in de Nederlandse landbouw en verdienen meer 
aandacht in het door de overheid gefinancierde landbouwkundig onderzoek. 

5. Om t o t een diepergaand inz icht te kunnen komen in de werkingsmechanismen 
en duurzaamheid van res istent ies in planten tegen pathogène schimmels of 
fytofage insekten i s samenwerking tussen fysiologen en genetici een 
condit io sine qua non. 

6. Directe calorimetrie i s methodologisch te verkiezen boven a l le andere 
bestaande methoden in balans-studies die ten doel hebben de stofwissel ings-
e f f i c i ë n t i e van organismen te bepalen. 

D i t p roefschr i f t 



7. De weerstand tegen aantasting door insekten die vele plantesoorten ontlenen 
aan het secundair metabolisme van aromatische aminozuren, wordt veelal 
onderschat als gevolg van een psychologische k loof tussen het kwantitatieve 
karakter van deze bescherming en de voorkeur die onder onderzoekers bestaat 
om spectaculaire kwal i tat ieve effecten te bestuderen. 

Isman, M.B & S.S. Duffey, 1982. Entomol. exp. appl . 31 : 370-376. 
Di t p roefschr i f t 

8. De inhoudeli jke kwa l i t e i t van hetgeen tegenwoordig gepubliceerd wordt l i j k t 
in toenemende mate ondergeschikt te z i j n aan de kwant i te i t van de pub l i -
katies die onderzoekers geacht worden af te leveren per t i jdseenheid. 

9. Het wetenschapsbeleid in Nederland wordt in zorgwekkende mate bepaald door 
kor te- termi jn financieel-economische overwegingen en nauwelijks door een 
lange-termijn v is ie op de toekomstige ontwikkeling van de wetenschap en 
haar cul turele en educatieve funct ie in de maatschappij. 

Minister ie van Onderwijs en Wetenschappen, 1987. Hoger Onderwijs en 
Onderzoek Plan. 

10. Een hoofdargument dat un ivers i ta i r geschoolde medici aanvoeren tegen de 
erkenning van een aantal als ' a l t e rna t i e f ' aangeduide geneeswijzen, n l . dat 
er geen natuurwetenschappelijke basis i s welke de e f f e c t i v i t e i t van deze 
geneeswijzen waarschi jn l i jk maakt, is evenzeer van toepassing op vele 
erkende geneeswijzen en verhult bovendien dat in f e i t e meer prozaïsche 
argumenten van f inanciële aard een hoofdrol spelen om de gewraakte erken
ning op de lange baan te schuiven. 

11. Het zou een goed academisch gebruik z i j n wanneer elke opponent tenminste 
één s t e l l i n g met een gericht tegenargument te r discussie zou s te l len om 
zodoende te voorkomen dat s te l l ingen slechts als een soort academische 
fo lk lo re z i j n te beschouwen. 

12. Het p roefschr i f t en de bijbehorende s te l l ingen van J.J.A. van Loon 
munten n iet u i t in beknoptheid. 

13. Leven komt pas dan t o t vo l le b l oe i , wanneer het n ie t langer beknopt i s . 

Stel l ingen behorende b i j het p roe fschr i f t : "Sensory and nu t r i t i ona l e f fects 
of amino acids and phenolic plant compounds on the ca terp i l la rs of two 
Pier is species" door J .J.A. van Loon. 

Wageningen, 8 januari 1988 
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CHAPTER 1 

GENERAL INTRODUCTION 

Insect - plant relat ionships 

The relat ionships between insects and plants o f fer a vast array of 

phenomena that have stimulated sc ient is ts and amateurs to detai led i n 

vest igat ions. One of the most i n t r igu ing problems has been, and often s t i l l 

i s , why many plant-feeding insects accept only a l im i ted number of often 

related plants (oligophagy), while other species exp lo i t a much wider 

range of host plants (polyphagy) (Dethier, 1954). These widely d i f fe rent 

decrees of association between insects and host plants have been the 

subject of numerous evolutionary considerations (Jermy, 1984). A primary 

question for the physiologist in th is respect is how the insect is able to 

select par t icu lar plant species from the usually complex vegetation in 

nature. I t seems a character is t ic of insect - plant relat ionships that 

there is no general answer to th is central question and several quite 

d i f fe rent mechanisms have been described (Dethier, 1982; Schoonhoven, 

1982). 

Host plant preference behaviour and sensory physiology 

By now i t i s evident that such often categorical behaviours as prefer

ence and re ject ion are guided by a chain of physiological processes. This 

chain invar iably s tar ts in the pre-ingestive phase with sensing the poten

t i a l food source. Insects possess elaborate sensory organs that serve to 

gather o l factory and gustatory information on the chemical composition of 

the food. This information is transmitted in an encoded form, the action 

po ten t ia l , to the central nervous system. At th is central level decisions 

on acceptance or re ject ion of the plant material as food are made. Apart 

from the chemosensory input , the central nervous system receives messages 

from other sensors that measure post-ingestive parameters l i ke the level of 

sat iety and the nutr ient status (Bernays & Simpson, 1982). On a short term 

( i . e . seconds to minutes) chemosensory a c t i v i t y has often been found to 



play a major role in food selection behaviour (Dethier & Crnjar, 1982; 

Schoonhoven, 1982). For th is reason, the study of insect chemoreceptors 

with electrophysiological techniques has revealed several clues to a better 

understanding of food preference behaviour. The chemoreceptors of phyt

ophagous insects display sens i t i v i t y to chemical s t imul i that are ubi 

quitous in p lants, l i ke sugars, amino acids and sal ts (Schoonhoven & 

Dethier, 1966; Dethier & Kuch, 1971; Dethier, 1973). The discovery of 

gustatory ce l ls spec i f i ca l l y reacting to so-called secondary plant com

pounds gave a physiological entrance to the study of the apparent 

'botanical i n s t i n c t ' guiding food preference behaviour (Schoonhoven, 1967; 

1982; Dethier, 1980). 

Secondary plant substances and food selection behaviour 

Since the i r ea r l i es t i so la t ion and i den t i f i ca t ion by chemical methods at 

the end of the nineteenth century, secondary plant substances have been 

puzzling compounds for plant physiologists for several decades, as t he i r 

metabolic role in the plant i t s e l f was a mystery (Schoonhoven, 1972). The 

appreciation of the ecological rather than physiological function of sec

ondary plant chemicals has founded a central paradigma in the f i e l d of 

insect - plant re lat ionships. Again typical for t h is f i e l d , evidence was 

found for both st imulatory token functions as well as for the opposite v i z . 

strongly deterrent e f fects of secondary compounds. Thus, many insect 

species seem to perform negative food selection by avoiding plants that 

contain sensory deterrents ( 'an t i feedants ' , 'unpalatable' compounds) while 

other species pos i t ive ly select plants that produce speci f ic secondary 

substances which the insects u t i l i z e as token s t imul i (Fraenkel, 1959; 

Jermy, 1966; Schoonhoven, 1968; Whittaker & Feeny, 1971; Dethier, 1982; 

Hsiao, 1985). The term 'allelochemical ' ( i . e . a compound produced by one 

organism (the plant) that is not a nutr ient and influences behaviour, 

growth, or reproduction of another organism (the insect)) was proposed for 

secondary plant substances to express the i r ecological role (Whittaker & 

Feeny, 1971). The role of secondary plant chemicals as feeding deterrents 

for phytophagous insects i s i l l u s t r a t ed by the fact that several species 

can be successfully reared on a r t i f i c i a l diets that are devoid of these 

compounds. At the same t ime, th is indicates the role of the common nutr ient 

chemicals that exert apparently su f f i c ien t st imulation for food acceptance 

and continued intake. 



From the foregoing h is to r ica l sketch i t appears that food selection 

behaviour has received much a t ten t ion . The role of secondary plant sub

stances as factors guiding decisions on acceptance or re ject ion via chemo-

sensory perception is well documented. Knowledge of the sensory mechanisms 

by which feeding deterrents act is considered desirable by several authors 

as i t may provide a basis to design novel strategies for crop protect ion. 

Inf luencing insect behaviour in a pre-ingestive phase cer ta in ly is an 

a t t rac t ive idea but up t i l l now no extensive appl icat ion of the knowledge 

on th is subject has been developed (Bernays, 1983). 

The classical case of P ier is 

One of the ea r l i es t examples of the ecological role of secondary plant 

substances was reported by Verschaffelt (1910). He studied the food prefer

ence behaviour of the ca terp i l la rs of P ier is brassicae L. and Pj_ rapae L. 

(Lepidoptera: Pieridae; the large and small white bu t te r f l i es respectively) 

that normally feed on plants belonging to the family of the Cruciferae. He 

demonstrated that the glucosinolate si ni g r i n , a common secondary const i tu

ent of cruciferous p lants, may cause food acceptance of otherwise re jected, 

non-cruciferous plant species. The sensory basis of t h i s behavioural recog

n i t ion was revealed when sensory cel ls were discovered on the mouthparts of 

P. brassicae ca terp i l la rs that reacted spec i f i ca l l y to s in ig r in and other 

glucosinolates (Schoonhoven, 1967; Ma, 1972). The acceptance of an a r t i f i 

cial d ie t was much improved by the addit ion of these compounds (David & 

Gardiner, 1966). P. brassicae and P. rapae are examples of specia l is t 

feeders that have overcome the glucosinolate defence barr ier that is e f 

fect ive against non-adapted species (Blau et a l . , 1978). 

Physiology of nu t r i t i on 

When the primary sensory information leads to acceptance of a food 

source and food intake has s tar ted, actual nu t r i t i on j us t begins. The 

physiology of nu t r i t i on of phytophagous insects is a f i e l d of study which 

encompasses subjects such as basic requirements (essential nu t r ien ts ) , 

proportions and concentrations of nut r ients , the ef fects of allelochemical s 

and quant i tat ive food consumption, u t i l i z a t i o n and the i r regulation (review 



by Slansky & Scriber, 1985). I t is apparent that an understanding of these 

post-ingestive processes is only beginning to emerge. Many interact ions may 

play a ro le . Apart from chemosensory input, mechanoreceptors in the gut 

wall and putative internal chemoreceptors monitoring nutr ient status have 

been implicated to supply the central nervous system with information that 

is integrated to guide the t iming and amount of food intake (Bernays & 

Simpson, 1982; Simpson & Abisgold, 1985). 

Secondary plant substances and nu t r i t i on 

Apart from the i r sensory and behavioural e f fec ts , secondary plant 

substances have been found to influence insect nu t r i t i on and growth (Reese, 

1979; Bernays, 1982; Slansky & Scriber, 1985). When the nutr ient content of 

the leaf t issues of green plants is considered and compared to the known 

basic requirements of phytophagous insects (Dadd, 1985), one would conclude 

that these leaf t issues should provide adequate n u t r i t i o n . This conclusion 

i s again substantiated by the adequacy of a r t i f i c i a l diets in which the 

levels and proportions of nutr ients as they occur in plant t issue can be 

mimicked to y i e ld an apparently adequate supply of nu t r ients . In several 

cases, i t has been demonstrated that allelochemical plant substances play a 

major role in preventing successful u t i l i z a t i o n of plant t issue as food 

by insects (Schoonhoven, 1972; Scriber, 1984). Considering the l a t t e r 

statement from the p lant 's point of view, another way of saying the same, 

is that plant allelochemics in many cases consti tute defensive chemicals 

that confer plant resistance against insect attack (Maxwell, 1972). 

The post-ingestive ef fects of secondary plant substances are probably as 

varied as t he i r chemical nature and again no generalizations can be made. 

In many cases, however, i t has proved d i f f i c u l t to separate such seemingly 

simple ef fects as reduction of food intake from reduced post-ingestive 

u t i l i z a t i o n of food. Growth i nh ib i t i on may be the resu l t of e i ther of both 

or due to t he i r in teract ion and to reveal the mechanism of action of 

secondary compounds, knowledge of the process or processes that are p r i 

mari ly affected must be considered basic (Reese, 1979). A serious obstacle 

experienced in the present study turned out to be that the measurement of 

food intake using gravimetric techniques (Waldbauer, 1968) i s subject to 

rather serious errors (Schmidt & Reese, 1986). 



The relat ionship between Pier is ca terp i l la rs and Brassica oleracea plants 

In th is thes is , the re lat ionship between two species of P ier is ca te rp i l 

lars and Brassica oleracea L. i s investigated against the background of the 

main themes in the foregoing, v i z . chemosensory perception and n u t r i t i o n . 

As indicated in previous sections, the sensory and behavioural e f fects 

of glucosinolates, secondary metabolites typical for cruciferous p lants, 

have been comparatively well studied in P. brassicae and other cruciferous 

specia l is ts (Nielsen, 1978; Rodman & Chew, 1980). These compounds do not 

seem to have any an t i b i o t i c e f fects on these specialized feeders. However, 

glucosinolates are not the only group of secondary metabolites in 

cruciferous plants (Hegnauer, 1973). In the genus Brassica, phenolic acids 

and flavonoids are commonly occurring secondary constituents (Durkee & 

Harborne, 1973; Herrmann, 1976). The biological e f fects of these products 

on Pier is have not been investigated up to date. 

In the present study, at tent ion was focussed on how ca terp i l la rs reacted 

to acceptable food sources and on possible post-ingestive differences in a 

no-choice, ad l ib i tum s i tua t ion . The main themes are the analysis of the 

perception and post-ingestive u t i l i z a t i o n of amino acids and the perception 

and nu t r i t iona l e f fects of phenolic secondary plant compounds that are 

b iosynthet ical ly derived from the two aromatic amino acids and that 

natural ly occur in B. oleracea. The simplest phenolic derivat ives are 

synthesized by only a few enzymatic conversions from the amino acids 

phenylalanine and tyrosine and thus are o r ig inat ing close to a branching 

point of primary and secondary plant metabolism (Hanson & Havir, 1979). 

Furthermore, i t has recently been demonstrated that phenylalanine is a 

l i m i t i n g nutr ient in the hemimetabolous Schistocerca gregaria due to large 

investment of aromatic amino acids in the cut ic le (Bernays & Woodhead, 

1984). I t was of in terest to see i f the same is true for the holometabolous 

P ie r i s . 

Using a var iety of approaches, i t has been investigated whether phenyl-

propanoid secondary metabolites can be assigned an allelochemical role in 

the defence against the ca terp i l la rs of both P ier is species. I t was 

e x p l i c i t l y t r i ed to separate pre- and post-ingestive e f fec ts . Both natural 

and a r t i f i c i a l d iets have been used comparatively during the study as far 

as possible. 

Paral lel to the themes nutr ients - secondary substances, sensory (pre-



ingestive) - post-ingestive and natural - a r t i f i c i a l d ie ts , the ent i re 

study was performed on two taxonomically re lated species, which w i l l be 

introduced b r i e f l y in the next sect ion. 

The cabbage white b u t t e r f l i e s , P ier is brassicae and P ier is rapae 

While P. brassi cae may be considered as one of the best investigated 

phytophagous insect species (Fe l twe l l , 1982), i t is often unknown i f the 

features found for one insect species are speci f ic or w i l l apply also to a 

related species, such as P^ rapae. Clear ly, both species strongly resemble 

each other in adult appearance, but d i f f e r considerably in the larval stage 

and in several ecological respects. The adult female bu t te r f l y of P. 

brassi cae oviposits batches of eggs, while P. rapae females lay single 

eggs. The young larval stages of P_̂  brassi cae are gregarious, while the 

larvae of P. rapae show strong competition and cannibal is t ic behaviour. The 

larvae of P. brassi cae are coloured aposematically and expose themselves 

during feeding at leaf edges, while P. rapae ca terp i l la rs have a crypt ic 

appearance, display countershading when rest ing and often feed from central 

portions of leaves. P. rapae migrates to the younger parts of the host 

p lant , which often becomes a compact head of leaves growing t i g h t l y to 

gether in the ' capitata'-group of cu l t ivated cabbages. There is also a 

remarkable difference in geographical d i s t r ibu t ion between the species. P. 

brassi cae i s res t r ic ted to the Palaearctic region (Fe l twe l l , 1982), while 

P. rapae is notorious for i t s cosmopolitic occurrence. Both species can 

cause serious economic damage to cabbage crops (Fe l twe l l , 1982; Dickson & 

Eckenrode, 1975). Probably because of i t s smaller size and d i f f i c u l t i e s in 

rear ing, P. rapae, although economically more important, has l i t t l e been 

studied compared to P. brassi cae on which c. 3000 references were available 

in 1982, about hal f of which are c i ted by Feltwell (1982). This study w i l l 

show that such a large number of studies on an insect species does not 

necessarily imply that fundamentals of i t s larval biology are well under

stood. 



Outline of the thesis 

A comparative analysis of amino acid chemoreception in maxi l lary 

gustatory organs was undertaken to reveal the spec i f i c i t y and sens i t i v i t y 

with which th is group of nu t r ients , among which ten essential ones, are 

perceived (Chapter 2 ) . Subsequently, sensory e f fects of phenolic acids and 

f lavonoid compounds are investigated in connection with some behavioural 

experiments (Chapter 3 ) . The quant i tat ive study of longer-term food intake 

in f ina l instars posed several methodological problems. Prior to routine 

experiments in which the ef fects of phenolic acids and flavonoids on food 

consumption, u t i l i z a t i o n and growth were assessed, i t was judged necessary 

to measure respiratory expenditure and i t s var iat ion in order to r e l i ab l y 

estimate food intake. To t h i s end, a flow-through gas analysis system was 

developed that allowed the continuous measurement of respirat ion in f i na l 

i ns tars . The ef fects of some phenolic acids and f lavonoids on energy 

u t i l i z a t i o n have been investigated (Chapter 4 ) . In studies on the e f fects 

of defined phytochemical compounds on phytophagous insects, a r t i f i c i a l 

diets have frequently been used as convenient substrates of which the 

composition can be manipulated and in which single experimental factors can 

be var ied. These are apparent advantages as compared to the variable and 

p rac t i ca l l y intraceable chemistry of l i v i n g host plant t issue. The n u t r i 

t ional adequacy of a r t i f i c i a l d iets i s mostly measured by parameters such 

as surv iva l , rate of development, pupal weights and reproductive success. 

Data on the e f fec t of a r t i f i c i a l substrates on the absorption and metabolic 

e f f i c iency with which nutr ients are used as compared to the natural feeding 

s i tua t ion , the host p lant , are conspicuously lacking for many insect 

species. From a methodical point of view, i t was considered fundamental to 

study the u t i l i z a t i o n of amino acids, especial ly the aromatic phenylalanine 

and tyros ine, on both natural and a r t i f i c i a l food to f ind out to what 

extent differences occurred (Chapter 5 ) . The results of t h is comparison 

raised no serious objections against the use of an a r t i f i c i a l d iet to test 

the e f fects of continuous exposure to phenolic and f lavonoid compounds on 

the performance of both ca te rp i l l a r species (Chapter 6 ) . The term perform

ance as used in the present study comprises the extent to which the insects 

are successfully surv iv ing, developing and growing on a par t icu lar food 

source. A preliminary tes t of the hypothesis that also on the host plant 

phenolic acids and flavonoids exert i nh ib i to ry e f fects on both species of 

P ier is ca te rp i l l a r s , was carried out by studying the performance of the 



caterpillars on seven different cultivars and a concomitant phytochemical 

analysis of the concentrations of the most common phenolic acids and 

flavonoids in the leaves of these cultivars (Chapter 7 ) . 
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CHAPTER 2 

CHEMORECEPTION OF AMINO ACIDS IN LARVAE OF TWO PIERIS SPECIES 

ABSTRACT 

Spec i f i c i ty and sens i t i v i t y of gustatory neurones in response to 

22 amino acids was studied in larvae of P ier is brassicae L. and Pier is 

rapae L. (Lepidoptera: Pieridae) using electrophysiological methods. In 

both species 14 amino acids were st imulat ing a receptor cel l in one of 

the styloconic sensi l la on the maxi l la . Four amino acids stimulated 

cel ls in a d i f fe rent sensil lum. S igni f icant differences were found in 

st imulatory effectiveness between the amino acids. Nu t r i t i ona l l y es

sential amino acids were generally more e f fec t i ve . 

A correlat ion analysis suggested the presence of 4 s i tes . One of 

these i s postulated to recognize several amino acids carrying non-polar 

R-groups ( leucine, isoleucine, methionine, alanine, asparagine, valine) 

while the other three may recognize p ro l ine, phenylalanine and t ryp to

phane respectively. S im i la r i t ies with postulated s i tes in some Diptera 

were found. Data on f ive other lepidopteran species could be i n te r 

preted on the basis of the s i te model proposed. 

Phytochemical data on concentrations of free amino acids in a common 

host p lant , Brassica oleracea L., were compared to concentration -

response parameters of the gustatory neurones. I t appears that amino 

acids are e f fect ive st imul i at t he i r natural concentrations and that 

gustatory neurones can transmit information about concentration d i f 

ferences in the plant t issue. 
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INTRODUCTION 

Amino acids stimulate feeding behaviour in several phytophagous i n 

sects. The behavioural reaction to a par t icu lar amino acid i s d i f fe rent 

for d i f fe rent species (Bernays and Simpson, 1982). At the same t ime, 

n u t r i t i o n a l l y essential amino acids and especial ly the aromatic phenyl

alanine are considered to be l i m i t i n g nutr ients for phytophagous i n 

sects (Bernays, 1982). 

Analysis of s pec i f i c i t y , s t ruc tu re -ac t i v i t y re lat ions and sens i t i v i 

ty in the chemoreception of amino acids occurring in plant t issues has 

been performed in only few phytophagous insects. The f i r s t report on 

the existence of a gustatory cel l spec i f ic to amino acids discovered 

e lectrophysiological ly has been published by Schoonhoven (1969b) for 

the larva of P ier is brassicae L. (Lepidoptera: Pier idae). A par t ia l 

correlat ion with behavioural results was found by Ma (1972). Mitchell 

and Schoonhoven (1974) found amino acid sensit ive ce l ls in larval 

Leptinotarsa decern!ineata. Their sens i t i v i t y pattern correlated well 

with behavioural responses (Hsiao and Fraenkel, 1968). Amino acid 

receptor cel ls in adult Leptinotarsa are highly speci f ic to L-alanine 

and Y-amino butyr ic acid (GABA) as demonstrated in a recent s t ructure-

a c t i v i t y study (M i tche l l , 1985). 

In the present study a comparative analysis of the spec i f i c i t y of 

amino acid gustation in two ca te rp i l l a r species is performed. The two 

species, Pier is brassicae L. and Pier is rapae L. are considered as 

taxonomically closely related (Geiger and Schol l , 1985). To date such a 

comparison is lacking (M i tche l l , 1985). A correlat ion analysis is 

introduced to assist the in terpretat ion of the spec i f i c i t y pattern 

found. The in terpretat ion offered i s related to s t ruc tu re -ac t i v i t y 

considerations. A comparison with data on f ive lepidopterous species 

(Dethier, 1973) w i l l be presented to investigate i f generalizations are 

possible. F ina l l y , concentration-response (C/R) character ist ics of the 

amino acid receptor ce l ls w i l l be related to phytochemical data on 

amino acid concentration ranges in a common host p lant , Brassica 

oleracea L. 



MATERIALS AND METHODS 

Insects 

Pier is brassicae and P^ rapae cultures were maintained in the 

laboratory under conditions described by David & Gardiner (1962). Both 

cultures were i n i t i a t e d using f i e ld -co l lec ted mater ia l ; inbreeding was 

l imi ted by introductions of f i e ld -co l lec ted individuals in to the cu l 

tures every summer. Both species of ca terp i l la rs were reared on 

Brassica oleracea L. var. gemmifera DC. cv. T i ture l (Sluis and Groot, 

Enkhuizen, The Netherlands) under ad l i b i tum condit ions. Rearing 

temperature was 25 °C, re la t ive humidity varied between 50 and 70% . 

Photo/scotophase was 15/9. For electrophysiology only those ca te rp i l 

lars were used that had completed the i r development ab ovo up to the 

f ina l larval moult at the normal rate of 15 days (P. brassicae) or 13 

days (P. rapae) at 25 °C. Final instars of P. brassicae used for experi

ments had weights ranging from 250-400 mg, P. rapae larval weights 

ranged from of 80-120 mg. Caterpi l lars of both species were 24-48 h in 

the f ina l i ns tar . In th is way, i t was attempted to work with i n 

dividuals of defined physiological age and nu t r i t i ve s tatus, as these 

parameters are known to a f fect chemosensory response strength (Blaney 

et a l . , 1986). Prior to the experiments, larvae were deprived of food 

during 2-3 hours. This starvation-period was found to improve the 

s ignal-to-noise ra t io recorded, as is the case in locusts (Bernays et 

a l . , 1972). The head and the f i r s t thoracic segment were amputated for 

recording. A U-shaped s i l ver wire recording electrode was inserted 

through the foramen magnum of the isolated head and was protruded into 

the maxi l lary- lab ia l complex to f i x the maxillae in a more prognathous 

pos i t ion. 

Morphology 

Location, morphology and u l t ras t ructure of the la tera l (abbreviated 

as L) and medial (M) styloconical sensi l la of the maxi l lary galea were 

described by Ma (1972) fo r P. brassicae. In t h is species, a gustatory 

neurone spec i f i ca l l y sensit ive to amino acids i s located in the L-

sensillum in addit ion to three other taste ce l ls (Schoonhoven, 1969a, 
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b ) . A l l evidence available suggests that the same structural s i tuat ion 

i s present in P^ rapae. 

Stimuli and stimulation-procedures 

Stimuli studied are given in table 1 . They were of 99% pu r i t y . The 

compounds l i s t e d were obtained from the fo l lowing commercial sources: 

Merck, the compounds 1 , 2, 6, 9, 11, 14, 18-22; Baker: 3, 4 , 5, 7, 8, 

10, 12, 13, 16; Fluka: 17; B r i t i sh Drug Houses: 15. 

Table 1 : L i s t of amino acids ( a l l i n L-form) appl ied 

as gustatory s t imu l i 

Essential amino acids abbrev ia t ion 

arg in ine Arg 

h i s t i d i n e His 

i so leucine He 

leucine Leu 

l ys ine Lys 

methionine Met 

phenylalanine Phe 

threonine Thr 

tryptophane Trp 

va l ine Val 

Non-essential amino acids 

a lanine 

asparagine 

aspar t i c acid 

cyste in 

g lutamic acid 

g lyc ine 

Y-aminobutyric ac id 

o rn i t h i ne 

p r o l i ne 

4-hydroxyprol ine 

serine 

t y ros ine 

Ala 

Asn 

Asp 

Cys 

Glu 

Gl y 

GABA 

Orn 

Pro 

Hyp 

Ser 

Tyr 

Amino acids are re fe r red to throughout the paper 

by t h e i r abbreviat ions 
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Al l s t imul i were dissolved in to 2 mM (P. rapae) or 10 mM (P. brassi -

cae) potassium chloride solutions in d i s t i l l e d water, which served as 

the respective control s t imulat ions. The pH of 10 mM solutions ranged 

from 5.0-5.5, except for the acidic Asp and Glu (pH 4.5) and the basic 

His (pH 6 .0) , Arg (pH 8.0) and Lys (pH 7.5). To reduce evaporation of 

solvent at the stimulus cap i l la ry t i p , f l u i d from the body of the 

cap i l la ry was sucked through the t i p less than 10 s preceding stimulus 

onset. To the same end, local humidity around the preparation and 

s t imulus-capi l lary was kept high (+ 80%), both being encased in an 

aluminum box guarded to the ampl i f ier input . Stimuli were delivered in 

a glass cap i l la ry ( t i p diameter 30 - 50 pm) used as st imulat ing elec

trode. The stimulus del ivery sequences were random. In an experimental 

series carr ied out on an individual preparation, the control s t imul i 

and an e f fect ive stimulus that evoked only single cel l reactions, were 

repl icated 2-3 times to check the reproduc ib i l i ty of cel l reactions in 

t ime. Preparations were used no longer than 90 minutes although repro

ducible responses could be obtained over several hours. Stimulus dura

t ion was 2-4 seconds; interst imulus periods were at least 30 seconds. 

Adaptation experiments had shown tha t , fo l lowing such stimulus dura

t ions , complete disadaptation occurs w i th in 10 seconds in the sensi l la 

studied. 

Recording of e lectrophysiological responses 

A modif icat ion of the t i p recording technique of Hodgson e t a l . 

(1955) was used to record the responses of gustatory chemosensory 

ce l l s . The st imulat ing electrode served as i nd i f fe ren t electrode, while 

the recording electrode was in contact with the insect t issue. The 

recording electrode was connected to a preamplif ier by a short (10 mm) 

connector. The ampl i f ier was adapted from van Drongelen (1979). In 

b r i e f , i t used an AD 515-K (Analog Devices) integrated c i r cu i t in the 

f i r s t stage, y ie ld ing < 1 pA input bias current, 101 Ohm and 0.8 pF 

input impedance. The ampl i f ier included a band-pass f i l t e r , set at 100 

Hz - 3 kHz (-3 dB). The ampl i f ier case was connected to a guard 

voltage. Spike amplitudes recorded ranged from 0.5 - 3 mV; spike-to-

noise ra t ios varied from 2 to 10. The blocking ar tefact at stimulus 

onset lasted 5 - 40 ms. Amplified responses were recorded on tape (Akai 

GX-255) at 19 cm/s, for subsequent reproduction on paper, using a 
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Siemens Oscillomink-E i nk je t recorder (0 - 1000 Hz) at 25 or 50 cm/s. 

For detai led analysis of spike shape, recordings were re-recorded at 60 

' ' / s (Racal Store-7 instrumentation recorder) and reproduced on paper 

at 3 . 7 5 ' ' / s . Environmental temperatures during recording were 22 + 2°C. 

Analysis of the recordings 

Chemoreceptor responses are quant i f ied as the number of action 

potent ials generated from 50 ms un t i l 1050 ms a f ter stimulus onset, 

fur ther on designated as Fa_, frequency of action potent ia ls , expressed 

in spikes/s. Action potent ials were counted based on visual i den t i f i ca 

t i o n . Spike amplitude and in tersp ike- in terva l duration served as 

c r i t e r i a to assign spikes to the d i f fe rent neurones present in mu l t i -

neural responses (Bowdan, 1984). 

S ta t i s t i ca l analysis 

The fol lowing s t a t i s t i ca l procedures have been employed: Shapiro-

Wilk tes t to investigate i f data belonged to a normal d is t r ibut ion- type 

(the conservative null-hypothesis ( i . e . the d i s t r ibu t ion is normal) 

could not be rejected since p > 0.1 or 0.5 in a l l cases, n > 10); 

Student's t - t e s t e i ther for paired or independent samples to test 

s ignif icance of differences between treatment means; test ing was 

l im i ted to comparing ranked adjacent means and, i f no signif icance was 

calculated, extended t i l l the f i r s t s ign i f i can t difference emerged 

along the ranking order to avoid the accumulation of the experimentwise 

error rate (Jones, 1984). As part of Student's t e s t , the F -s ta t i s t i c 

was calculated to decide on equal i ty of variances observed. Correlation 

analysis was performed using Spearman's rank correlat ion coef f ic ient 

rs , for sample sizes n > 11 an approach assuming a normal d i s t r ibu t ion 

was applied; both were corrected for t i es (Siegel, 1956). This correla

t ion analysis was applied on a series of paired response values in 

which each pair consisted out of two values registered from an i n 

dividual c e l l . 



RESULTS 

Spec i f i c i t y pattern of the amino acid receptor cel l in P. rapae. 

F ig . 1 represents the response p ro f i l e of the L-sensillum of P. 

rapae to twelve amino acids. Eight other amino acids ( to know: Tyr, 

Orn, Glu, Asp, Gly, Cys, Arg and Lys) did not stimulate when tested at 

10 mM. Five of the twelve incorporated into the p ro f i l e of f i g . 1 

stimulated essent ia l ly one c e l l , whereas the remaining seven compounds 

evoked responses also from a second neurone (see column at the r igh t 

hand side in f i g . 1 ) . 
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Figure 1_: 
Response p r o f i l e of amino acid receptor ce l l of P. rapae ( a l l 
compounds tested at 10 mM; data from 10 i n d i v i d u a l s , 806 r e 
cord ings) . Top axis i s o rd ina te , represent ing response 
i n t e n s i t y , Fa_ i n sp ikes /s . Column at the r i g h t ind icates the 
percentage o f responses w i th a mu l t ineura l character Um) . 
S ign i f icance of d i f ferences between mean responses along the 
v e r t i c a l l y ranked sequence i s i nd ica ted by the v e r t i c a l l i nes 
de l im i ted by the f o l l ow ing symbols: 0 means p < 0 .05; A p < 
0 . 0 1 ; • p < 0.005. 

Especially Pro and Phe and, though to a lesser degree, Trp, Val , 

His, Hyp and Ala seem to stimulate more than one c e l l . S t i l l , even when 

stimulated with these amino acids, in 70-95% of the sensi l la only one 

neurone was ac t ive. The second neurone, from which a smaller spike-

amplitude was occasionally recorded, was moderately active (Fa_ 20-30 

sp ikes/s) . Recordings displaying multineural responses were excluded 

from s t a t i s t i c a l analysis unless a discrete separation on the basis of 

spike-amplitude and addit ional c r i t e r i a could be made. Thr and GABA 
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were excluded from fur ther analysis as they produced a c t i v i t y i n more 

than two cel ls in 60% and 66% of the recordings respect ively. These 

responses showed a high degree of var ia t ion as compared to the rather 

consistent reactions of the twelve other compounds presented in f i g . 1 . 

I t i s concluded that in the L-sensillum of P. rapae one cel l is 

especial ly sensit ive to 12 out of 22 amino acids tested. 

I t can be noticed from f i g . 1 that s i gn i f i can t l y d i f fe rent grades of 

effectiveness ex is t in the whole range established. More in pa r t i cu la r , 

a comparison of st imulatory effectiveness wi th in f ive pairs of amino 

acids that d i f f e r s t ruc tu ra l l y only one functional group wi th in the 

pair i s i l l u s t r a t i v e . With Leu-Ile and Pro-Hyp, the f i r s t one i s active 

while the second one is s i gn i f i can t l y less st imulatory ( f i g . 1 ) . Within 

the pairs Asp-Asn, Phe-Tyr and GABA-Orn, the f i r s t one i s active while 

the second one i s i ne f fec t i ve . 

Spearman's rs was calculated for a l l possible pair-wise combinations 

of the 12 adequate s t imu l i . The combinations that proved s t a t i s t i c a l l y 

s ign i f i cant at three values of the type I error p robabi l i ty value, p, 

are l i s t ed in table 2. S tar t ing at the best stimulus and going down the 

effectiveness ranking order ( f i g . 1 ) , an amino acid is assigned to the 

same group as the previous and more e f fect ive one i f p < 0.001 for the 

correlat ion between the two or i f p < 0.01 more than once with amino 

acids already assigned to a group. Five groups emerge using th is 

grouping procedure (table 2 ) : group I : Leu, Met, Asn, H e , A la, Val; 

group I I : Hyp and His; group I I I : Pro; group IV: Phe and group V: Trp. 

A l l amino acids were tested also on the M-sensillum. Four of the 22 

compounds tested evoked responses: Asp, Glu, Arg and Trp. Upon st imula

t ion with the acidic Asp and Glu, the M-sensillum responded with large 

spikes in a tonic mode, which i s character is t ic for the so-called 

deterrent-neurone, also present in t h i s sensillum (Schoonhoven, 1969a). 

In some cases a multineural response was recorded (Asp 26%, Glu 6%). 

Asp was more e f fect ive than Glu (Asp: mean Fap + SD 38 + 16 spikes/s; 

Glu 24 + 8 ) . Trp, the only one among these four that is also e f fect ive 

in the L-sensillum, e l i c i t e d also large spikes (26 + 10 spikes/s; 23% 

mul t ineura l ) . Quite d i f fe rent from the preceding three, the basic Arg 

was the best stimulant (43 + 9 sp ikes/s) , producing a smaller spike, 

probably o r ig inat ing in the cation receptor cel l present in t h is 

sensillum (Ma, 1972). 
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Table 2 : Grouping of amino acids that stimulate the amino acid receptor 
cel l of P. rapae 

signif icance of rs 

at p < 

ami no 
acid 

Leu 

Met 

Hyp 

Asn 

He 

Ser 

Ala 

Pro 

Val 

His 

Phe 

Trp 

code 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0.001 

2,5,7 

1,5,6,7 

10 

5 

1,2,4,7 

1 

1,2,5 

3 

0.005 

9 

10 

6,9 

5,9,10 

9 

5,6 

4,6 

0.01 

9 

3,10 

2 

6 

10 

4,7 

10,12 

1,7 

1,5 

1,7 

group 

I I 

I I I 

I I 

IV 

V 

R-group 

NP 

NP 

PU 

PU 

NP 

PU 

NP 

NP 

NP 

PB 

NP 

NP 

Amino acid code numbers r e f l ec t t he i r effectiveness in descending order 
(c f . f i g . 1 ) . R-group refers to c lass i f i ca t ion given by Lehninger 
(1977); NP means non-polar R-group, PU - polar, uncharged; PB - polar 
and basic 



S p e c i f i c i t y p a t t e r n o f the amino ac id receptor c e l l i n P. b rass icae 

Response i n t e n s i t i e s t o va r ious amino ac ids i n P. b rass icae have 

been ranked i n t o the p r o f i l e o f f i g . 2 . When comparing t h i s p r o f i l e t o 

the one f o r P . rapae, several d i f f e r e n c e s appear. F i r s t l y , the o rder o f 

e f f e c t i v e n e s s seems almost r eve rsed , e . g . H i s , Phe and Trp are the 

s t ronges t s t imu lan t s i n P^ b rass i cae , wh i l e i n F\ rapae they were found 

t o rank among the weakest. Secondly, Cys and Thr appear i n the p r o f i l e . 

GABA was again y i e l d i n g i n c o n s i s t e n t m u l t i n e u r a l responses i n a f ash ion 

s i m i l a r t o t h a t found i n P. rapae and i s t h e r e f o r e l i k e w i s e excluded 

(26 + 11 s p i k e s / s ) . A l t o g e t h e r , 14 amino ac ids (ou t o f 22 t es ted ) were 

found t o be adequate s t i m u l i f o r t h i s c e l l , among which 12 are 

i d e n t i c a l f o r both spec ies . A t h i r d con t ras t t o be mentioned i s the 

s i ng le u n i t charac ter o f most responses; m u l t i n e u r a l responses were 

found on ly r a r e l y . Reference can be made t o the d e s c r i p t i o n o f the f i v e 

pa i r s t h a t d i f f e r one f u n c t i o n a l group i n P. rapae, except t h a t i n P. 

b rass icae Leu and H e are e q u a l l y e f f e c t i v e . 

Table 3 p resents a s i m i l a r g rouping o f amino ac ids as descr ibed f o r 

P. rapae. The Roman numbers used t o des ignate groups are s i m i l a r t o 

his 
phe 
trp 

hyp 
met 
pro 
leu 
val 

asn 
He 

ala 
ser 
cys 
thr 

0 10 20 30 i.0 50 60 70 80 Fap 
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Fi gure 2: 
Response prof i le of amino acid receptor cell of p. 
brassicae. Data from 9 individuals, 687 recordings. Legends 
see f i g . 1 . 
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Table 3 : Grouping of amino acids that stimulate the amino acid receptor 
cel l of P. brassicae 

signif icance of rs 

at p < 

amino 
acid 

His 

Phe 

Trp 

Hyp 

Met 

Pro 

Leu 

Val 

Asn 

He 

Ala 

Ser 

Cys 

Thr 

code 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

0.0( 

5 

4 

13 

14 

10 

11 

0.01 group R-group 

11 

4 

3 

5 

3,7 

14 

5,9 

7 

6 

VI 

IV 

V 

II 

II 

III 

II 

(-) 

II 

(-) 

III 

(-) 

(-) 

III 

PB 

NP 

NP 

PU 

NP 

NP 

NP 

NP 

PU 

NP 

NP 

PU 

PU 

PU 

Legends cf. table 2. (-) means grouping unclear 
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those used in P. rapae i f the group has a comparable composition. The 

fo l lowing subdivision emerges: group I I : Hyp, Met, Leu and Asn; group 

I I I : Pro, which however displays l inks to Ala and Thr also; group IV: 

Phe; group V: Trp; group V I : His. The assignment of Val and the 

re la t i ve ly weak stimulants l i e , Cys and Ser to the groups given is not 

well possible on the basis of the c r i t e r i a appl ied. For the M-

sensil lum, s imi lar observations were made as in P. rapae. The same four 

amino acids (Asp, Glu, Arg, Trp) were ac t ive , though the order of 

effectiveness d i f fe rs (mean Fap + SD): Asp (50 + 10), Glu (45 + 19), 

Arg (30 + 7 ) , Trp (20 + 8 ) . Control solutions e l i c i t e d a typical 

response of 15 + 5 spikes/s. The exact ce l lu la r o r ig in of the spikes in 

the M-sensillum has not been establ ished. 

Sens i t i v i ty of the amino acid receptor cel l in j \ rapae 

F ig . 3 shows the semi-logarithmic C/R-curves for the amino acids 

Met, Asn, Pro, His and Phe, representatives of four of the groups I - V 

mentioned above. Data were obtained using indiv iduals taken from a 

batch of insects reared 6 months l a te r than the larvae y ie ld ing the 

data summarized in f i g . 1 . The threshold for responses to Met must be 

lower than 0.2 mM, while for the other four compounds i t l i e s around 

0.2 mM. Responses to Phe and His appear to be saturated in the same 

range as for the other three amino acids (25-50 mM) but do not reach 

the same maximal response frequencies. For Phe the response seems 

saturated at a maximum response frequency of 34 spikes/s, while the re

sponse to Met reaches a saturated level of 90 spikes/s. The values of 

K[,, i . e . the concentration at which 50% of the maximal response 

frequency occurs (Mitchell and Gregory, 1979), was determined 

graphical ly. They are l i s t ed in table 4. 
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Figure 3: 
Concentration - response curves for the amino acid sensitive 
cell of P^ rapae. Data from 5 individuals, 500 recordings. 
Abscissa: concentration (log mH); ordinate response intensity 
(spikes/s). To avoid confusion due to overlapping S.E.M.-
bars, only for methionine and phenylalanine S.E.M.-bars are 
indicated (one-sided). S.E.M.-values for the other three 
compounds were largely comparable. 
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Figure ^ : 
Concentration - response curves for amino acid sensitive cell 
of P. brassicae. Data from 5 larvae, 512 recordings. Legends 
see fTgl T, S.E.M.-values indicated only for histidine and 
asparagine. 

25 



Sens i t i v i t y of the amino acid receptor in P. brassicae 

In f i g . 4 C/R-curves for the same f ive amino acids as tested on P. 

rapae are depicted. With P_̂  brassicae a lso, the sample group was reared 

6 months l a te r than the one y ie ld ing the data of f i g . 2. The threshold 

concentration for responses to Asn appears to occur around 0.2 mM, the 

lowest concentration tested. For the other four amino acids, i t must be 

assumed to occur at s t i l l lower concentrations. Response i n tens i t ies to 

His and Asn reach the i r maximum at 25 mM, while for Asn and Phe i t 

declines beyond th is concentration. The maximum response frequency 

evoked by Phe (77 spikes/s) i s s i gn i f i can t l y lower than for His (103 

spikes/s) . The curves for Pro and Met s t i l l show a s l i gh t increase 

going from 50 to 100 mM, while presumably t he i r respective maximum 

responses d i f f e r considerably. Kb values range from 0.3 mM (Phe) to 5.8 

mM (Met) (see table 4 ) . 
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DISCUSSION 

Interpretat ion of spec i f i c i t y using data from individual neurones 

The consistency of the spec i f i c i t y data on both species reported 

here is corroborated by a comparison with two ex is t ing studies. The 

quant i tat ive ranking order in the sens i t i v i t y to twelve amino acids for 

P. brassicae as given by Schoonhoven (1969b) and the semi-quantitative 

pattern presented by Dethier and Kuch (1971) for P. rapae are both in 

sat is factory accordance with our f ind ings, although they used 100 mM as 

test concentration. In general, few i f any data are available on the 

reproduc ib i l i t y of sensory patterns in insect populations separated in 

time and space. 

A comparison of the spec i f i c i t y p ro f i l e of both species reveals a 

remarkable sh i f t of three amino acids, His, Phe and Trp, from the 

lowest posit ions in P. rapae ( f i g . 1) to the highest three posit ions in 

P. brassicae ( f i g . 2 ) . This observation raised the idea to investigate 

i f the sens i t i v i t y to these three was quant i ta t ive ly independent from 

the other st imulatory compounds in both species. To analyze t h i s , a 

correlat ion analysis was employed. Significance of correlat ion at p < 

0.01 between responses to d i f fe rent amino acids over a series of ce l ls 

i s used to discern certain groups. The hypothesis about the underlying 

physiological processes that may br ing about t h is correlat ion i s , that 

two or more amino acids in teract with the same receptor s i t e . An a l t e r 

native explanation, however, would be that two amino acids thus cor

related each in teract with the i r own speci f ic receptor s i tes which are 

correlated in t he i r density in the sensory ce l l membrane by some 

coordinated mechanism. Both explanations are based on the rat ionale 

that the density of mult iple receptor s i tes that possibly e x i s t , should 

be detectable in quant i tat ive electrophysiological studies on i nd i v id 

ual neurones, at least in a re la t ive manner, when more than one s i te i s 

present. The absolute number of physiological ly active receptor s i tes 

mediating chemosensory transduction in insects i s an unknown and poorly 

understood fac tor , although i t is assumed to be of physiological r e l 

evance (Hansen and Wieczorek, 1981; Menco and van der Wolk, 1982; 

Morita and Sh i ra ish i , 1985). In the f l y Boettcherisca peregrina the 

concept of receptor s i tes having a protein structure has been adopted 

as responsible for amino acid recognit ion (Shimada and Tanimura, 1981). 
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At th is stage, we have no data al lowing a d iscr imination of the two 

a l ternat ive explanations given above. However, with t h is l im i t a t i on in 

mind, we w i l l b r i e f l y examine the data under the assumption that the 

f i r s t a l ternat ive re f lec ts a physiological r e a l i t y . 

Considerations on spec i f i c i t y and number of mult iple s i tes 

The fact that four or f ive pairs of amino acids that d i f f e r 

chemically by one functional group exert s i gn i f i can t l y d i f fe rent re

sponse i n tens i t ies supports the presence of speci f ic receptor s i t es . 

Structural modif ications of cystein present in Cruciferae also resulted 

in clear e f fects on response strengths in P. brassicae (Schoonhoven, 

1969b). In both species, altogether 6 groups of amino acids resul t from 

the correlat ion analysis (tables 2 and 3, groups I -V I ) . In P. rapae, 

Pro and Phe appear unlinked to any other amino ac id . The posit ion of 

Hyp in both species can be interpreted as a capacity to in teract with 

both the group I s i te and a H is-s i te that seemed independent in P. 

brassicae (V I ) . Free concentrations of Hyp in hostplants of P ier is are 

unknown. Most probably they are low as i t generally has phytotoxic 

properties and i s rapidly incorporated in to specialized inducible 

defence proteins (Esquerre-Tugaye et a l . , 1985). Disregarding Hyp, 

group I I in P. brassicae then shows s im i l a r i t i es to group I discerned 

i n t \ rapae. 

In P. brassicae, the l inks His-Hyp, Phe-Trp and Trp-Met at p < 0.01 

makes the separation in to d i f fe rent en t i t i es disputable. As they belong 

to the most e f fect ive st imulants, these l inks may be caused by satura

t ion phenomena, as appearing from the C/R curves of f i g . 4 . At the 

lower concentrations the correlat ion coeff ic ients were lower also and 

were no longer s i gn i f i can t . Within the less e f fect ive group I-amino 

acids correlat ions were s ign i f i can t at p < 0.001. When the three prob

lematic l inks mentioned above would be due to in teract ion with common 

s i t es , together with saturation phenomena signif icance of correlat ion 

would be expected to be at least comparable to the l a t t e r value, while 

i t is c lear ly lower. In the lower range of the p ro f i l e of P. brassicae 

( f i g . 2 ) , the pattern is less c lear. However, i t i s real ized that we 

deal here with r e la t i ve ly inef fect ive st imulants. 

In summary, correlat ion analysis together with the addit ional consider

ations given supply ind i rec t evidence that in P. rapae four s i tes are 
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present when Hyp is assigned to group I . I f t h is i s done for P. brassicae 

a lso, the same four s i tes are present, together with a f i f t h , speci f ic His-

s i t e . 

S t ruc ture-ac t iv i ty re lat ions 

Amino acid s t ruc tu re -ac t i v i t y re lat ions in insect chemoreceptors 

have been studied in detai l only in the saprophagous f l esh f l y 

Boettcherisca peregrina (Shimada, 1975; Shimada and Isono, 1978; 

Shimada and Tanimura, 1981). Two amino acid receptor s i tes have been 

i den t i f i ed pharmacologically to date, both of which are present on a 

gustatory cel l also sensit ive to a range of sugars. The so-called T-

s i te or ' a l i pha t i c carboxylic an ion ' -s i te i s sensit ive to Leu, H e , Met 

and Val. In contrast, Phe and Trp, previously thought to in teract with 

the F-site responsible fo r fructose recognition (Shimada, 1975), are 

hypothesized to in teract with a fourth s i te on the sugar cel l (Shimada 

and Tanimura, 1981). Indeed, in view of threshold and Kb values, Phe i s 

a stronger stimulus to th is cel l than the best s t imulat ing sugar, 

sucrose (Shiraishi and Kuwabara, 1970). A detai led model of the two 

amino acid receptor s i tes has been proposed, suggesting three and four 

subsites for the T- and Phe-Trp-sites respectively (Shimada and 

Tanimura, 1981). Several s im i l a r i t i es occur between the Boettcherisca 

s i tuat ion and P ie r i s . Group I shows a considerable overlap with the T-

s i te amino acids. The c lear ly separate Phe-Trp s i te in B. peregrina 

corresponds to two separate s i tes postulated in P ie r i s . 

Amino acids can be c lass i f ied in to four groups according to po la r i ty 

and charge carried by the R-group (Lehninger, 1977). I t appears that 

the amino acids with a non-polar R-group consti tute the most e f fect ive 

ones. Within th is group, Pro, possessing an a l iphat ic r i ng , Phe, having 

an aromatic r ing and Trp, characterized by an indole moiety, occupy 

special posi t ions. They accordingly emerge as separate groups from the 

correlat ion analysis. The f i f t h group is made up only by His, having an 

imidazole r ing that is pos i t ive ly charged at neutral pH values. 
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Comparison with other Lepidoptera 

Dethier and Kuch (1971) and Dethier (1973) presented qua l i ta t ive 

data on amino acid gustation in 15 species of Lepidoptera. Comparison 

with the two Pier is species is l im i ted here to f ive species that were 

tested with buffered 100 mM solutions (Dethier, 1973) to exclude the 

poss ib i l i t y of non-specific pH e f fec ts . I t is concluded, surpr is ingly 

enough, that the pattern found for P ier is can be recognized in the 

other f ive species a lso, especial ly for the L-sensil lum. Predominant in 

the spectra of a l l seven species are the group I amino acids, His and 

Pro. Four species display sens i t i v i t y to Trp, while only the two Pier is 

species react to Phe. Within the essential amino acids, only Arg i s 

inef fect ive in a l l six species tested, while Glu, Asp, and Tyr are 

inef fect ive in a l l species tested. Generally, essential amino acids are 

scored as frequent as the non-essential ones. When the pattern in the 

f i ve species referred to (Dethier, 1973) i s rearranged according to the 

groups I-V postulated for P ie r i s , a to ta l of 50 combinations of groups 

i s possible. Because not a l l compounds were tested on a l l f i ve species, 

t h i r t y of these could be screened. I t turned out that in 17 cases (57Ï) 

sens i t i v i t y to one group of a pairwise combination was present and to 

the other one absent. In 7 cases (23%), both were absent and in 6 cases 

(20%) both were present. This reinforces the idea that the sens i t i v i t y 

to the groups discerned behaves independently also in other species and 

may correspond to separate s i t es . 

Comparison with Coleoptera 

A s t i l l d i f fe rent s i tuat ion has been found in the beetle species 

Entomoscelis americanum (Mitchell and Gregory, 1979) and Leptinotarsa 

decern!ineata (M i tche l l , 1985). In the l a t t e r , an amino acid cel l has 

been studied that seems to possess one s i te that recognizes spec i f i ca l 

l y Ala and GABA. I t has been suggested that amino acid receptors may 

have evolved several times wi th in the Insecta (M i tche l l , 1985). 

Coding of food qual i ty 

In both P ier is species, nu t r i t i ona l l y essential amino acids 

predominate the sens i t i v i t y spectrum. This observation holds also for 
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other Lepidoptera (Dethier, 1973). These f indings f i t in to a 

te leological p ic ture , i . e . the functional s ignif icance of the 

spec i f i c i t i es of the amino acid receptor is to signal nu t r i t i ona l l y 

relevant compounds in the host p lant . Moreover, i nd i rec t evidence i s 

available that a separate s i te is present for Phe. This aromatic amino 

acid i s the precursor of both cross- l ink ing phenolic elements in insect 

cut ic le proteins (Bernays, 1982) and of plant phenolic metabolism (Camm 

and Towers, 1973). This supplied the basis for a study of the sensory 

e f fects of plant phenolics to test th is discriminatory a b i l i t y fur ther 

(van Loon, in preparation). 

Dose-response character ist ics in re la t ion to amino acid concentrations 

in plant t issue 

Knowledge about the amino acid concentrations that actual ly reach 

the dendr i t ic membranes during feeding on plant t issue is v i r t u a l l y 

lacking. I nd i rec t l y , however, the C/R-characteristies of the neurones 

studied and especial ly the Kj, parameter, are considered to render 

information regarding these concentrations (Mitchell and Gregory, 

1979). Transformation of the hyperbolic or sigmoid C/R-curves into 

s t ra ight l ines was not applied in th is study, as several methodological 

problems are connected with th is pract ice. L inearizing is commonly 

j u s t i f i e d by assuming an analogy with enzyme-substrate or reversible 

binding k ine t i cs . However, the quant i tat ive measure of phasic-tonic 

gustatory cel l responses used by us and most other authors is not in 

accordance with the steady state s i tuat ion required for t h i s analogy. 

Secondly, as mentioned above, l i t t l e i f anything i s known about recep

tor protein density in the cel l membrane, which should be ident ical for 

a l l s t imul i tested to permit the appl icat ion of the Michaelis-Menten 

equation. In f ac t , differences in these densities may explain the 

h i ther to problematic phenomenon of d i f fe rent saturation levels (Morita 

and Sh i ra ish i , 1985). Th i rd ly , response v a r i a b i l i t y has been shown to 

exert a profoundly obscuring e f fec t on relevant C/R-curve character

i s t i c s as estimated by l inear transformation (Maes, 1985). For these 

reasons the curve parameters as assessed in the present paper are 

graphical ly estimated from the semi-logarithmic C/R-curves. 

31 



In table 4, the values of amino acid concentrations and t he i r re

ported ranges of va r ia t ion , as known from the phytochemical l i t e ra tu re 

on Brassica oleracea, are compared with the concentration-range in 

which the sensory neurones show the i r strongest change in response 

i n tens i t y , i . e . usually around the Kb value. Evidently, the amino acid 

receptor cel l encounters a l l amino acids at the same time; the d i f f e r 

ent ia l e f fects th is may have (addi t ion, synergism or even i nh ib i t i on ) 

are unknown. Also, histochemical l oca l iza t ion of free amino acids, e .g . 

in vascular t issues where they are present in higher concentrations 

than in the surrounding laminar t i ssue, i s not re f lected by calcula

t ions based on to ta l leaf samples. Apart from the compounds featur ing 

in table 4, Asp and Glu are the dominant free amino acids in Brassica 

oleracea, reaching values of 1-4 mM and 0.6-2.6 mM respect ively. I t is 

remarkable that they stimulate a d i f fe rent c e l l , in the M-sensillum, 

of both P ier is species. On the basis of the present information i t can 

be concluded that amino acids represent gustatory s t imul i at concentra

t ions normally occurring in t he i r host p lants. 

Table 4 : Comparison of C/R curve parameters of the amino acid sens i t i ve 

ce l l s of P_̂  rapae and P^ brassicae w i th concentrat ion (mM) of f ree 

amino acids i n leaves of Brassica oleracea 

amino acid 

p r o l i ne 

asparagine 

phenylalanine 

hi s t i d i ne 

methionine 

threshold 

cone. 

P.b. 

<0.2 

0.2 

<0.2 

<0.2 

<0.2 

P.r. 

0.2 

0.2 

0.2 

0.2 

<0.2 

minimum 

l ea f cone. 

0.4 

1.0 

0.05 

0.01 

( 0 ) * * 

P.b 

1.7 

2.2 

0.3 

0.5 

5.8 

h 

P.r. 

2.7 

5.0 

1.4 

6.0 

0.9 

maximum 

l ea f cone. 

15.0 

9.0 

0.6 

0.5 

0.2 

Data on Brassica l ea f t o t a l f ree amino acid concentrat ions taken from 

Benepal and Hall (1967), van Emden and Bashford (1971) and Dodd and van 

Emden (1979). includes glutamine, t race amounts. Recalculated from dry 

weight basis to f resh weight assuming a water content of 85% 
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CHAPTER 3 

CHEMORECEPTION OF PHENOLIC ACIDS AND FLAVONOIDS IN LARVAE OF 

TWO PIERIS SPECIES 

ABSTRACT 

Chemosensory responses in two maxi l lary sensi l la styloconica to 

st imulat ion with phenolic acids and f lavonoids were studied using 

electrophysiological methods in ca terp i l la rs of P ier is brassicae L. and 

P ier is rapae L. Stimulus compounds and the concentrations tested were 

selected on the basis of reported occurrence in a common host p lant , 

Brassica oleracea L. Of the f i ve phenolic acids tested, chlorooenic and 

protocatechuic acids were the most e f fect ive st imulants. Out of seven 

examined, catechin was the most e f fec t ive f lavonoid stimulant in the 

la tera l sensillum styloconicum of both species. P. brassicae showed a 

higher sens i t i v i t y to the three anthocyanins tested than P. rapae. The 

f lavonols kaempferol, quercetin and quercetin-3-rut inoside were not evoking 

responses at any of the concentrations tested. The medial sensillum was 

less sensit ive to f lavonoid st imulat ion than the la tera l one. Chemosensory 

responses were generally increasing with increasing stimulus concentrations 

in the range tested (0.2 - 5.0 mM). P. rapae generally was less sensit ive 

as judged by higher thresholds. Mixture experiments suggested that in the 

la tera l sensillum one and in the medial sensillum two cel ls were especial ly 

sensi t ive. Cyanin caused i nh ib i t i on of spiking a c t i v i t y in several other 

neurones. Caterpi l lars reared on an a r t i f i c i a l d ie t showed reduced 

sens i t i v i t y as compared to rearing on a host p lant . Chemosensory 

responsiveness was ref lected in preference behaviour in dual choice 

s i tuat ions. Set against the background of phytochemical data, dose-response 

relat ions permit the conclusion that natural ly occurring levels of phenolic 

acids and f lavonoids are s t imulat ing to some chemosensory neurones and can 

cause i nh ib i t i on of a c t i v i t y in others. 
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INTRODUCTION 

Phenolic acids and f lavonoids are ubiquitous secondary metabolites in 

plants (Harborne, 1979). They have the f i r s t part of t he i r biosynthesis in 

common and serve regulatory physiological functions wi th in the p lant . 

There is ample evidence for t he i r ecological function in the biochemical 

defense of plants against fungal pathogens and herbivores (Levin, 1971; 

McClure, 1975). The e f fects on phytophagous insects d i f f e r to a large 

extent, depending on the species (Schoonhoven, 1972a; Harborne, 1979). 

Flavonoids may e i ther stimulate or i n h i b i t feeding behaviour in o l igo-

phagous as well as polyphagous insects (Matsuda, 1978; Dreyer & Jones, 

1981; Larsen et a l . , 1982; Woodhead & Cooper-Driver, 1979). In contrast to 

other classes of secondary compounds however, the sensory physiology of 

phenolic compounds is scarcely documented (Schoonhoven, 1982). A few elec

trophysiological studies report qua l i ta t i ve ly on one a rb i t ra ry concentra

t ion of a few flavonoids tested (Ishikawa, 1966; Wieczorek, 1976; Dethier, 

1973; 1980; van Drongelen, 1979). 

The ca terp i l la rs of P ier is brassicae and P^ rapae are oligophagous on 

Cruciferae. Their host selection behaviour can to a large extent be ex

plained by the i r gustatory recognition of glucosinolates from cruciferous 

plants (David & Gardiner, 1966; Schoonhoven, 1967). Host plants in the 

genus Brassica contain varying amounts of several f lavonoid compounds 

(Hegnauer, 1973; Durkee & Harborne, 1973), visual evidence of which i s the 

anthocyanin accumulating red cabbage B. oleracea var. rubra. Schoonhoven 

(1969) reported gustatory sens i t i v i t y to anthocyanins from B. oleracea var. 

rubra in maxi l lary receptors of P. brassicae. Crucifer feeding f lea beetles 

employ both glucosinolates and flavonoids as gustatory s t imul i guiding host 

selection behaviour (Nielsen, 1978; Larsen e t a l . , 1982). 

In the present study, the contact chemosensory e f fects of host plant 

borne phenolics, f lavonoids and some closely related compounds are i nves t i 

gated by electrophysiological methods. The sens i t i v i t y to both groups of 

compounds i s put in to the perspective of quant i t ive data on concentrations 

in host plants and i s compared for both closely re lated species. In P. 

brassicae, the degree of special izat ion of receptor ce l ls responding to 

these compounds is studied. F ina l l y , behavioural data are presented to 

investigate i f e lectrophysiological character ist ics are ref lected in 

feeding behaviour. 
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MATERIALS AND METHODS 

Insects 

Pi en" s brassicae and P. rapae cultures were maintained in the laboratory 

under conditions described by David & Gardiner (1962). Both cultures were 

started with f i e ld -co l lec ted mater ia l ; every year new f i e ld -co l lec ted i n 

dividuals were introduced into the cul tures. Caterp i l lars of both species 

studied in e lectrophysiological experiments were reared on Brassica 

oleracea L. var. gemmifera DC. cv. T i ture l (Sluis and Groot, Enkhuizen, 

The Netherlands) under ad l ib i tum condit ions. Rearing temperature was 25 

°C, re la t ive humidity varied between 50 and 70%. Photo/scotophase was 15/9. 

For electrophysiology only those ca terp i l la rs were used that had com

pleted t he i r development ab ovo upto the f ina l larval moult at the normal 

rate of 15 days (P. brassicae) or 13 days (P. rapae) at 25 °C. They were 24-

48 h in the instar since ecdysis. P. brassicae-weights ranged from 250-400 

mg, P. rapae indiv iduals used had weights of 80-120 mg. In th is way, i t was 

attempted to work with indiv iduals of defined physiological age and n u t r i 

t i ve status, as these parameters are known to a f fect chemosensory response 

strength (Blaney et a l . , 1986). Prior to the experiments, larvae were 

deprived of food during 2-3 hours. The head and the f i r s t thoracic segment 

were amputated for recording. A U-shaped s i l ver wire recording electrode 

was inserted through the foramen magnum of the isolated head and was pro

truded into the maxi l lary- lab ia l complex to f i x the maxillae in a more 

prognathous pos i t ion . Location, morphology and u l t rast ructure of the 

styloconical sensi l la of the maxi l lary galea were described by Ma (1972) 

for P. brassicae. Al l evidence available indicates that the same structural 

s i tuat ion i s present in P. rapae. In the fo l lowing, the la tera l s ty loconi -

cal sensillum is abbreviated as the L-sensillum, the medial one as M-

sensil lum. 

For behavioural experiments, P_̂  brassicae larvae were reared ab ovo on a 

semi-defined a r t i f i c i a l d ie t (Ma, 1972). This d iet rout inely contains the 

phenolic methyl-p-hydroxybenzoate at a rate of 184 mg per 100 g fresh 

weight as an i nh ib i to r of microbial contaminants. Phenolic compounds added 

to the standard d iet were dissolved in ethanol 96% and admixed j us t pr ior 
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to s o l i d i f i ca t i on at a temperature of 45 °C. 

Stimuli 

Chemicals studied were the fo l lowing: 1 . sucrose, 2. p ro l ine , 3. 

s ina lb in , 4 . helvet icoside. Organic acids: 5. ascorbic ac id, 6. cinnamic 

ac id, 7. c i t r i c ac id. Phenolic acids: 8. protocatechuic ac id, 9. caf fe ic 

ac id, 10. f e r u l i c ac id, 11. sinapic ac id, 12. chlorogenic ac id. Flavonoids: 

13. cyanin, 14. malvin, 15. oenin, 16. quercetin, 17. r u t i n , 18. 

kaempferol, 19. DL-catechin. They were of 99Ï pur i ty and obtained from the 

fo l lowing commercial sources: Merck, the compounds 1 , 2, 5. Sigma: 4, 6, 8-

12, 16-18. Baker: 7, 15, 19. Serva: 13, 14. Roth: 3. 

A l l s t imul i were dissolved into 2 mM (P. rapae) or 10 mM (P. brassicae) 

potassium chloride solutions in d i s t i l l e d water. Phenolics and flavonoids 

were presolubi l ized in 100 p 1 of methanol, subsequently d i lu ted to a f i na l 

maximal concentration of 1% of methanol. A solut ion of methanol and 

potassiumchloride served as the control st imulus. In C/R-experiments, 

concentrations were chosen to include the concentration levels found to 

occur in the tissues of host p lants, on the basis of known data (see 

discussion). The pH of phenolic acid solutions at four concentrations were 

determined using an Orion 701A e lectronic pH-meter. Details on stimulus 

appl icat ion and procedures are given in chapter 2 . 

Recording of e lectrophysiological responses 

A modif icat ion of the h a i r - t i p recording technique of Hodgson et a l . 

(1955) was used to record the responses of gustatory chemosensory ce l ls 

(van Drongelen, 1979). Detai ls on recording methods and equipment are to be 

found in chapter 2 . Room temperatures during recording were 22 + 2 °C. 

Analysis of the recordings 

Chemoreceptor sens i t i v i t y is quant i f ied as the to ta l number of action 

potent ials generated from 50 ms un t i l 1050 ms a f ter stimulus onset, fur ther 
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on designated as Fap , frequency of action potent ia ls , expressed in 

spikes/s. Action potent ials were counted a f ter visual i den t i f i ca t i on on the 

basis of typical biphasic wave-form ( f i g . 6 - 8 ) . Spike amplitude, duration 

of interspike interval and adaptation rate served as c r i t e r i a to assign 

spikes to the d i f fe ren t neurones active in mult i-neural responses. Mix

tures of two compounds that e l i c i t single un i t a c t i v i t y when applied separ

ately assisted the analysis of ce l lu la r o r ig in of spikes (Bowdan, 1984). 
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RESULTS 

Concentrât!on-response re lat ions 

Phenolic acids 

Dose-response curves of the electrophysiological reactions of L- and M-

sensi l la of Pj_ brassicae and P_̂  rapae are shown in f i g . 1 and 2 respective

l y . In the L-sensillum of both species, chlorogenic acid and protocatechuic 

acid were the best stimulants . Thresholds were lower than 0.5 mM. The 

responses to protocatechuic acid in both species and to caf fe ic acid in P. 

rapae were lower at 5.0 mM than at the next lower concentration tested. 

Sinapic acid and f e ru l i c acid e l i c i t e d comparatively weak dose dependent 

responses and no fur ther increase was induced at a dose of 5.0 mM. 

In the M-sensillum of both species, chlorogenic and protocatechuic acid 

also were the best st imulants. Thresholds in t h i s sensillum were around the 

lowest concentration tested. Responses to protocatechuic acid in P. 

brassicae and caf feic acid in P. rapae did not decline at 5.0 mM. Ferul ic 

acid in P. rapae at 5.0 mM equalled the effectiveness of chlorogenic and 

caf feic acids. 

Flavonoids 

In the L-sensillum of both species, catechin was the most e f fect ive 

stimulant with a threshold lower than 0.5 mM. In P. brassicae, cyanin 

chloride was the next best st imulant. Sens i t i v i ty to th is compound was 

absent in P_̂  rapae. Oenin and mal v in showed dose-dependent e f fects in P. 

brassicae that were less d i s t i nc t in P. rapae. Kaempferol, quercetin and 

r u t i n did not evoke responses at any of the concentrations tested in 

neither the L-sensillum nor the M-sensillum. 

In the M-sensillum of both species, catechin was only weakly e f fec t ive 

causing a small increase in response at higher concentrations. Cyanin 

evoked a response at concentrations beyond 0.2 mM in P. brassicae, while in 

both species oenin and malvin evoked d i s t i nc t reactions only at 5.0 mM. 

Generally P. rapae was less sensit ive to phenolic acid or f lavonoid 
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Fi gure 1^ 
Concentration-response curves fo r f lavonoids (A,C) and 
phenol ic acids (B,D) in P. brassicae. Graph A,B: L-sensi l lum; 
graph C,D: M-sensil lum. Abscissa: concentrat ion (mM), 
l ogar i thmic scale. Ordinate: response frequency (Fap, i n 
ac t ion p o t e n t i a l s / s ) . Ve r t i ca l bars represent S.E.M. ' (one- or 
two-s ided) . Graph A: catechin ( 1 ) , cyanin ch lor ide ( 2 ) , oenin 
( 3 ) , malvin ( 4 ) . Graph B: chlorogenic acid (1) 
protocatechuic acid ( 2 ) , f e r u l i c ac id (3) and s inap ic acid 
( 4 ) . Graph C: cyanin ch lor ide ( 1 ) , malvin ( 2 ) , oenin ( 3 ) , 
catechin ( 4 ) . Graph D: protocatechuic acid ( 1 ) , chlorogenic 
acid ( 2 ) , s inapic acid (3) and f e r u l i c ac id ( 4 ) . Data from 7-
14 i n d i v i d u a l s . 
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Figure 2\ 
Concentration-response curves f o r f lavonoids and phenol ic 
acids (B,D) i n P. rapae. Graph A,B: L -sens i l lum, graph C,D: 
M-sensi l lum. Deta i ls as f o r f i g . 1 . Graph A: catechin ( 1 ) , 
oenin ( 2 ) , malvin ( 3 ) . Graph B: chlorogenic acid ( 1 ) , c a f f e i c 
ac id ( 2 ) , protocatechuic ac id ( 3 ) , s inapic ac id ( 4 ) . Graph C: 
oenin ( 1 ) , malvin ( 2 ) , catechin ( 3 ) . Graph D: chlorogenic 
acid ( 1 ) , c a f f e i c acid ( 2 ) , f e r u l i c ac id ( 3 ) , protocatechuic 
acid ( 4 ) , cinnamic acid ( 5 ) , s inapic acid ( 6 ) . Data from 9-16 
i n d i v i d u a l s . 
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Stimulation as response values at 1.0 mM re la t ive to those at 5.0 mM are 

lower in the l a t t e r species ( f i g . 2). 

Response p ro f i les 

Response pro f i les combining both groups of compounds at a single i n te r 

mediate concentration in the range tested have been constructed as a means 

of comparison. Only those compounds are incorporated which evoked s i g n i f i 

cantly higher spiking a c t i v i t y from the sensi l la than the control l eve l . I t 

is seen that in both species the phenolic acids as a group and especial ly 

those wi th hydroxyl-groups at the 3- and 4-posit ions of the aromatic r ing 

were more e f fect ive s t imul i to both L- and M-sensilla than the f lavonoids. 

An exception i s catechin in the L-sensillum. Although response v a r i a b i l i t y 

was high, s ign i f i cant differences were calculated between mean response 

values ( f i g. 3 and 4) . 

The e f fect of pH 

Response frequencies in the L-sensillum to three non-phenolic organic 

acids and three phenolic acids at 5.0 mM showed no apparent re lat ionship 

with the pH of the st imulant solut ion ( f i g . 5). In the M-sensillum the 

responses to caffeic acid in P̂  rapae and to protocatechuic acid in P̂  

brassicae are too high to in fer a posit ive correlat ion between the free 

hydrogen-ion concentration as such and the sensory response. 

Cel lu lar o r ig in of spikes 

The responses to phenolics and flavonoids in the L-sensillum were o r i g 

inat ing predominantly in a single cel l in both species, judged on the basis 

of a single spike-type wi th a large amplitude. The time character is t ic of 

the spiking a c t i v i t y was of a tonic nature as compared to the phasic-tonic 

responses to sucrose, proline and s inalbin ( f i g . 8). A smaller spike was 

occasionally present at lower frequencies ( f i g . 6). With the anthocyanins, 

responses occasionally showed an extended i n i t i a l latency period ( f i g . 6). 
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Figure 5_: 
Dose-response curves f o r P. brassicae (a) and P. rapae (b) i n 
response to hydrogen-ion concentrat ion (mM, abscissa) i n 5 mM 
organic acid so lu t i ons . Ordinate: response frequency, Fap 
( sp i kes / s ) . Graph A: L -sensi l lum, graph B: M-sensi l lum. pH-
values of so lu t ions marked along abscissa: c innanic a c i d , pH 
= 3.89 ( 1 ) , ca f fe i c a c i d , pH = 3.54 ( 2 ) , protocatechuic a c i d , 
pH = 3.51 ( 3 ) , ascorbic ac id , pH = 3.35 ( 4 ) , chlorogenic 
ac id , pH = 3.03 ( 5 ) , c i t r i c ac id , pH = 2.85 ( 6 ) . 
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In the M-sensillum, single cell responses were observed at concentra

t ions below 2.5 mM. In contrast, in part of the recordings taken at 2.5 mM 

and most of the recordings at 5.0 mM, two or three neurones were activated 

( f i g . 7 ) . 

Responses to mixtures 

In the L-sensil lum, mixing cyanin-chloride at 2.5 mM wi th prol ine or 

s inalbin induced the f i r i n g of two neurones wi th d i f fe rent amplitudes 

( f i g . 8). Results wi th sucrose-cyanin mixtures were less conclusive, par t l y 

caused by the high response frequency to 15 mM sucrose alone. In some cases 

very large spikes occurred, probably due to e lec t r i ca l addi t ion, but t he i r 

number was much smaller than expected (table 1). Responses to he lve t i -

coside-cyanin mixtures were very s imi lar to the responses to helveticoside 

alone, showing only one large spike type. 

Results for the M-sensillum were generally more d i f f i c u l t to explain 

because responses to cyanin alone frequently were multineural at 2.5 mM. 

When i t i s assumed that the smaller spikes in the l a t t e r recordings o r i g 

inated in the cat ion-sensit ive c e l l , the f indings fo r the M-sensillum were 

comparable wi th those described for the L-sensil lum. In a l l cases, response 

frequencies to mixtures were s i gn i f i can t l y lower than expected on the basis 

of simple add i t i v i t y of reaction frequencies upon st imulat ion wi th the 

single constituents. With prol ine and hel veticoside in the L-sensillum and 

sucrose in both sens i l la , response frequencies of the corresponding single 

cel ls were s i gn i f i can t l y inh ib i ted during mixture s t imulat ion (p < 0.05 or 

be t te r ) . 

Effect of rearing d iet on chemosensory responses 

Caterpi l lars raised on the a r t i f i c i a l d iet showed a s i gn i f i can t l y lower 

or decreased chemosensory sens i t i v i t y to chlorogenic acid in both sensi l la 

and to cyanin chloride in the L-sensillum compared wi th ca terp i l la rs reared 

on B. oleracea leaf material (table 2). 
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Table 2. E f fec t o f d i e t experienced dur ing development upto the f i f t h i n s ta r on 

response frequencies i n chemosensory sens i l l a of P. brassicae 

compound concentrat ion sensi l lum 

mM 

d ie t d i e t 

p l an t 3 a r t i f i c i a l P p lant a r t i f i c i a l 

sucrose 30 138 + 25c 142 + 2 3 68 + 13 79 + 18 

p ro l ine 5 8 6 + 2 4 72 + 10 0.05 1 4 + 1 2 1 3 + 6 

chlorogenic 

acid 

1 

5 

40 + 12 

62 + 18 

37 + 11 

42 + 11 

3 2 + 1 4 1 4 + 7 0.005 

0.025 5 8 + 1 6 3 7 + 9 0.01 

cyan m 1 

5 

25 + 14 

42 + 11 

1 1 + 6 

19 + 10 

0.025 

0.001 

28 + 14 

66 + 30 

19 + 14 

65 + 12 

a: B. o l e r a c e a . 

b: leve l of s ign i f i cance according to S tudent 's t - t e s t (n = 6 - 1 0 ) . 

no va lue means P > 0.05. 

c: response frequencies in 

spikes/s + SD. 
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Behavioural experiments 

In dual choice experiments l as t ing the i n i t i a l 24 hours of the f i f t h 

ins tar , d iet-reared ca terp i l la rs showed s ign i f i can t preferences for the 

control d iet over oenin and chlorogenic acid containing diets (table 3). A 

higher concentration of chlorogenic acid caused a stronger preference for 

the control d ie t . On the other hand, with cyanin chloride and sinapic acid, 

a s ign i f i can t preference for the diets containing these compounds was 

observed. Incorporation of r u t i n at 5.0 mM fa i l ed to induce a preference 

for e i ther of both diets of fered. 

Correlation between behaviour and electrophysiology 

Following the dual choice tes t , individuals in test group 6 (table 3) 

were deprived of food. They were subjected to electrophysiological exper i 

ments to establ ish the i r responsiveness to chlorogenic acid solutions 

w i th in 6 hours a f ter the onset of food deprivation. Individual correlat ions 

between preference score and sens i t i v i t y in e i ther the L- or the M-sensil-

lum revealed no s ign i f i cant correlat ions. A s i gn i f i can t l y negative rank 

correlat ion was calculated when the difference between the frequency of 

impulses in L- and M-sensilla were used as the chemosensory parameter. 

Spearman's rho is -0.75, p < 0.05 according to the Hotell ing-Pabst test 

(table 4). 
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Table 3. Feeding preference behaviour i n a dual choice s i t u a t i o n of newly ecdysed 

f i f t h i ns ta rs of P. brassicae dur ing the f i r s t 24h i n the i n s t a r . A l l t es ts 

were run s imultaneously. 

Test Test choice Concentration 

mM 

Amount consumed 

mg + SD 

control vs . 

cyanin 

control vs. 

cyanin 

cont ro l v s . 

oeni n 

control vs. 

oenin 

control vs. 

r u t i n 

contro l vs . 

chlorogenic acid 

control vs . 

chlorogenic acid 

control vs. 

s inap ic ac id 

2.5 

5.0 

2.5 

5.0 

5.0 

2.5 

5.0 

5.0 

4 + 4 

6 2 + 7 

1 3 + 5 

64 + 14 

7 4 + 6 

4 + 2 

6 6 + 8 

4 + 3 

29 + 13 

37 + 11 

48 + 14 

23 + 10 

6 5 + 7 

11 + 11 

1 5 + 8 

53 + 13 

0.001 

0.001 

0.001 

0.001 

0.05 

0.005 

0.001 

0.001 

a: Student 's t - t e s t f o r paired observations (n=8). mg are dry weight . 
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Table 4. Chemosensory s e n s i t i v i t y and feeding preference behaviour of 7 i nd i v idua ls 

i n response to 2.5 mM chlorogenic acid so lu t ions and a dual choice between 

contro l and 2.5 mM chlorogenic ac id -conta in ing d i e t respect ive ly . 

i nd i v idua l amount consumed preference index3 response d i f ference 

mgc sp ikes/s 

contro l t rea ted sensi l lum L - M 

L M 

40 23 0.63 52 40 + 12 

56 13 0.81 45 53 

45 21 0.68 61 43 + IE 

39 41 0.49 54 51 + 3 

56 15 0.79 31 36 

55 22 0.71 13 16 

38 21 0.64 38 36 + 2 

a: preference index i s amount consumed of control d i e t d iv ided by t o t a l amount 

consumed, 

b: mean of 3 t es ts on the same sens i l lum. 

c: mg r e fe r to dry weight 
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DISCUSSION 

Dose-response relat ions and phytochemistry 

The dose-response curves reveal that in the concentration range i n 

vestigated, most compounds tested evoked higher responses at higher con

centrat ions. Exceptions to t h is generalization are protocatechuic acid 

and caf fe ic ac id, to which responses were d i s t i n c t l y lower at 5.0 mM in 

some cases. Quant i tat ively the dose-dependency d i f f e rs widely, however. 

Chlorogenic, caf fe ic and protocatechuic acids are characterized by very 

steep dose-response curves, in contrast to the small increase in response 

frequencies with sinapic acid or malvin for example. S t ructura l ly the 

former have ortho-subst i tuted hydroxyl-groups at the 3- and 4-posit ions of 

the aromatic r ing in common. Threshold-concentrations cannot be determined 

with great accuracy as only few concentrations have been tested. Yet i t i s 

of in terest to compare quant i tat ive phytochemical data on the occurrence of 

phenolic acids and f lavonoids in B. o leracea-cult ivars with the dose-

response re lat ions establ ished. Over d i f fe rent B. oleracea var ie t ies ( i . e . 

gemmifera, sabauda, rubra, sabel l ica) as well as over four to f i ve d i f 

ferent cu l t ivars w i th in these va r ie t ies , a high degree of var iat ion in 

levels of these compounds has been reported (Wildanger & Herrmann, 1973; 

Schmidtlein & Herrmann, 1975; Hanefeld & Herrmann, 1976; Herrmann, 1976; 

1977; Brandi & Herrmann, 1983). Maximum amounts of caf fe ic acid in leaf 

material ranged from 0.23 to 1.7 mM (values recalculated from mg/kg fresh 

weight divided by the molecular weight). Maximum levels of sinapic acid 

varied between 0.4 and 3.2 mM and of f e r u l i c acid between 0.15 and 1.4 mM. 

A fourth predominant phenolic acid that has not been screened in the pre

sent study is p-coumaric ac id, found to vary between 0.1 and 0.9 mM. 

Protocatechuic acid was found only in B. oleracea var. rubra at a maximum 

level of 0.6 mM. When the to ta l concentration of 4-hydroxylated aromatic 

acids, carrying e i ther an addit ional free or methoxylated hydroxyl group at 

the 3- or 3- and 5-positions are summed, var. sabel l ica has the highest 

level with 6.5 mM, followed by var. rubra with 3.5 mM, the gemmifera 

cu l t ivars screened contained maximally 1.8 mM and sabauda cu l t ivars 1.3 

mM. The cu l t ivars belonging to the alba-group contain minimal amounts of 

these consti tuents. These analyses pertain to aglycones. On the basis of 
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these data i t can be concluded that several phenolic acids tested may 

represent actual s t imul i to ca terp i l la rs feeding on B. oleracea leaf 

mater ia l . As mixtures of these acids have not been tested, i t is unknown i f 

add i t ive , synergist ic or i nh ib i to ry interact ions occur at the chemosensory 

l e ve l . 

The predominant f lavonoid aglycones in B^ oleracea are quercetin, 

kaempferol and isorhamnetin (Hegnauer, 1973; Durkee & Harborne, 1973; 

Wil danger & Herrmann, 1973) and cyanidin as the prevalent anthocyanidin 

(Hrazdina et a l . , 1977). In the sabellica-group the highest amounts of 

f lavonol aglycones have been reported, being around 1.0 mM (Wildanger & 

Herrmann, 1973; Herrmann, 1976). The presence of r u t i n as a f lavonol glyco

side in the genus Brassica has been disputed (Durkee & Harborne, 1973). 

Catechin has not been reported as a common f lavonoid in Brassica. No 

quant i tat ive data are available on cyanidin-levels in mature leaves of the 

rubra group. Malvin and oenin have not been found in Brassica. Threshold 

for the response to cyanin in P. brassicae was below 0.2 mM and th is 

anthocyanin may be assumed to consti tute a natural st imulant. 

Several factors complicate the references to phytochemical data made 

above. Phenolic acids and flavonoids accumulate predominantly in the 

vacuole (McClure, 1975; Mat i le , 1984). In th is compartiment they occur for 

95% or more as several species of glycosides (Harborne, 1979). Cel lu lar 

d isrupt ion during feeding releases enzymatically the respective aglycones. 

The phytochemical analyses express amounts as aglycones, based on to ta l 

leaf homogenates. In view of the dimensions of the sens i l lar pores (0.2u m 

(Ma, 1972)) i t i s conceivable that subcellular loca l iza t ion mentioned may 

resul t in contacting higher levels than calculated on the basis of to ta l 

leaf analyses. The exact concentrations of aglycons and glycosides actual

l y encountered by the sens i l lar t ips contacting the damaged leaf edge are 

unknown and the references given above are approximations. 

The two species d i f f e r considerably in t he i r sens i t i v i t y to the com

pounds tested. P_̂  brassicae c lear ly i s the more sensit ive of the two. This 

may bear connections to differences in larval host selection behaviour. P. 

rapae readi ly feeds on B. oleracea cu l t ivars in the rubra-group, while 

these are accepted only a f ter a period of re ject ion by larvae of P. 

brassicae. Furthermore, P. rapae to lerates higher levels of phenolics and 

flavonoids during development than P. brassicae (van Loon, unpublished 

results/Chapter 6 ) . For both species, the capacity of sensory 
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discrimination of these secondary compounds can be thought to influence 

foraging behaviour w i th in a single host p lant . The selection of younger 

plant parts that contain lower amounts of these compounds (Herrmann, 1976) 

i s thus made possible. Higher levels of both phenolic acids, f lavonols and 

anthocyanins can be induced by several kinds of stress agents (Del Moral, 

1973; Hrazdina, 1982; McClure, 1982). Plant t issues where such induction 

has occurred can be avoided. 

S t ruc ture-ac t iv i ty considerations 

Some deductions on the importance of s t ructural character ist ics of the 

stimulus compounds can be made, although no systematic series of s t ructural 

modifications were tested, due to the emphasis placed on the study of host-

plant borne compounds. Phenolic acids that possess free hydroxyl-groups at 

both the 3- and 4-posit ions of the aromatic r ing are more e f fect ive than 

when one of these groups is methoxylated. The same is true for the B-ring 

of the flavonoids in P. brassicae; methoxylation of the hydroxyl-groups 

here resul t in to decreased responsiveness. In the L-sensillum of P. rapae, 

the quinic ester part of chlorogenic acid does not contribute to the 

st imulat ing ef fect iveness. The high effectiveness of catechin in the L-

sensi l la of both species as compared to the less e f fect ive anthocyanins as 

well as the inef fect ive f lavonols may be ascribed to an increased oxidized 

state of the C-r ing. The high responsiveness to catechin demonstrates also 

that glycosylation is not a requirement for ef fect iveness. This can be 

considered a functional character ist ic when i t i s real ized that aglycons 

are released during feeding, as already mentioned. In the M-sensillum of P. 

brassicae sens i t i v i t y to catechin is absent in the presence of anthocyanin 

sens i t i v i t y , which suggests d i f fe rent receptor-types responsible. As a 

comparable contrast, catechin sens i t i v i t y is present in the L-sensillum of 

P. rapae in the absence of cyan in-sens i t iv i ty . 

The p o s s i b i l i t y that responses depended merely on free hydrogen ion 

concentrations accompanying phenolic acids was ruled out for the L-sensi l 

lum, though i t may play a role in the M-sensillum for chlorogenic ac id. 

S t ruc ture-ac t iv i ty studies on flavonoids have been performed on the behav

ioural level ( Norr is , 1977; E i l iger et a l , 1980; Lane et a l . , 1985). 

Ortho-hydroxylation of the B-ring was found a key s tructural character is t ic 
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of f lavonoids in t he i r t o x i c i t y to Hel iothis zea (E i l iger et a l . , 1980), 

which corresponds to the present resul ts at the chemosensory level in two 

Pier is species. In contrast, feeding by Scolytus mu l t i s t r ia tus was i n 

h ib i ted especial ly by f lavonoids possessing an oxidized C-ring l i ke 

kaempherol and quercetin, which were inef fect ive in the present study 

(Norr is, 1977). In chrysomelid beetles, differences in sugar residues 

explained feeding i nh ib i t i on of f lavonoids better than the phenolic 

subst i tu t ion pattern of the aglycons (Matsuda, 1978). In conclusion, 

several s t ructural character ist ics of phenolic and f lavonoid compounds seem 

important for the degree of t he i r effectiveness as chemosensory st imulants. 

Cel lu lar spec i f i c i t y 

The spec i f i c i t i es of the gustatory neurones in both sensi l la of P. 

brassicae have been investigated in detai l (Schoonhoven, 1967; 1969; 1972; 

Ma, 1972). This made i t possible to determine which neurones were activated 

by st imulat ion with phenolic acids or f lavonoids. Spike-amplitude served as 

the main c r i te r ion to decide on the number of neurones active in mu l t i ce l 

l u l a r recordings. The amplitudes measured from the four neurones present at 

the basis of the sensi l la invar iably show a ranking order in that for 

example the deterrent-neurone i n the M-sensillum always i s represented by a 

greater amplitude than the glucosinolate sensit ive c e l l , which can be 

recognized by a greater amplitude than the sucrose-sensitive c e l l , while 

the cation-receptor shows the smallest amplitudes. This ranking order is 

very constant from individual to individual and from recording to re

cording, though the absolute amplitudes are not. When st imul i that evoke 

s ing le-uni t a c t i v i t y are mixed together with a compound for which the 

sensit ive neurone is unknown, the appearance of two spike amplitude classes 

in the recording i s considered a proof that another neurone is also 

exci ted. This reasoning recently posed problems in two dipterous species, 

where amplitudes from d i f fe ren t neurones were s imi lar (Bowdan, 1984) or 

where amplitude rankings varied (Fu j ish i ro & Mor i ta, 1984). On the basis 

of the known spec i f i c i t i es and th is mixture-technique i t can be decided 

that in the L-sensillum of P. brassicae a neurone separate from the 

sucrose-, amino acid- and g lucosinolate- 'best ' ce l ls was activated by the 

e f fect ive phenolic acids and f lavonoids. For anthocyanins th is has already 
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been suggested (Schoonhoven, 1969). This fourth la tera l cel l i s at the same 

time very sensit ive (threshold about 2uM) to the steroidal compound 

helvet icoside, which occurs in some Cruciferae (van Loon, unpublished 

resu l ts ; c f . Nielsen, 1978). I t i s , however, insensit ive to a range of 

steroidal compounds to which the medial deterrent neurone reacts (Ma, 

1972). Additional s im i l a r i t i es between th is ' f ou r th ' neurone and the medial 

deterrent neurone are the slow adaptation rates (Schoonhoven, 1977) and the 

frequent occurrence of an extended latency time p r io r to the f i r s t spike 

(van Drongelen, 1979). Cel lu lar spec i f i c i t y in the M-sensillum is more d i f 

f i c u l t to i n te rp re t . At higher concentrations, phenolic acids and antho-

cyanins evoke multineural responses when they are applied as pure com

pounds. This phenomenon has been described for s inalbin also (Ma, 1972). I t 

seems probable that in the M-sensillum, both the deterrent-neurone and the 

s inalb in-sensi t ive cel l are exc i ted. This would mean that the presence of 

an aromatic r ing i s the s t ructural requirement for a c t i v i t y of the so-

called aromatic g lucosinolate-sensit ive neurone (Schoonhoven, 1969). A re 

semblance with the glycoside receptor of Mamestra brassicae emerges in th is 

respect (Wieczorek, 1976). The t h i r d neurone that is activated at 5.0 mM 

most probably i s the cation-receptor, which is l ab i l e to pH-values lower 

than 3.0 . 

The mixture-experiments revealed the operation of peripheral i n te r 

actions ( table 1 ). S igni f icant decreases in responses to sucrose and 

prol ine were establ ished, while in no case simple add i t i v i t y of responses 

occurred. I t appears that cyanin both stimulates deterrent receptors in 

both sensi l la and at the same time i nh ib i t s other receptor ce l l s . Moreover, 

the response of the la tera l cyanin-sensitive cel l seemed suppressed by the 

simultaneous appl icat ion of sucrose. Several mechanisms have been proposed 

for such interact ions (Bowdan, 1984). The data available do not provide a 

better ins ight in to which of these were operative in the experiments de

scribed, however. At t h is point i t must be stressed that also those plant 

compounds that by themselves do not evoke responses (e .g. ru t in ) t heore t i 

cal ly have the potential of i nh ib i t i ng the sucrose receptor for example 

(Schoonhoven, 1982). This poss ib i l i t y has not been checked here. 



Sensory physiology and behaviour 

The dual choice experiments demonstrate that in P. brassicae 

electrophysiological properties are ref lected in behavioural 

d iscr iminat ion. As sens i t i v i t y to the compounds mentioned resides in both 

the L- and the M-sensillum, the resul t ing behaviour is most l i k e l y based 

upon a decision process at a central l eve l . The outcome can apparently be 

both negative (avoidance) or posit ive (preference), depending on the 

compound and i t s concentration. In several respects, L- and M-sensilla 

mirror each other; they both contain ce l ls sensit ive to sucrose and to 

glucosinolates, organic acids and several other secondary plant substances. 

The spec i f i c i t y and sens i t i v i t y spectra overlap but are not ident ical (Ma, 

1972; van Loon, unpublished resul ts) . Coding of food qua l i ty , as for 

example the presence of phenolic compounds, can in part come about by the 

weighing of chemosensory input from the anatomically separated maxi l lary 

sens i l la . This simple model has been suggested also for Manduca sexta, 

although exceptions were found (Schoonhoven & Dethier, 1966; Dethier & 

Crnjar, 1982). 

A r t i f i c i a l diets o f fer the poss ib i l i t y of manipulation and s t r i c t con

t r o l of d ietary composition which are impossible in experiments with plant 

mater ia l . The decreased sens i t i v i t y to chlorogenic acid and cyanin in d ie t -

reared ca terp i l la rs i s an undesired and surpr is ing phenomenon. The con

tinuous exposure to the commonly applied phenolic preservative methyl para

hydroxybenzoate during larval development may be a factor in t h is respect. 

Sensory ef fects of th is synthetic compound have been documented (Vinson et 

a l . , 1976). The duration of the dual choice test (24 h) theore t ica l ly 

allowed post-ingestional e f fects on feeding behaviour to come in to play. I t 

also allows ef fects on gustatory cel ls to come about by prolonged exposure 

to the chemical under test . The l a t t e r considerations pertain also to 

experiments wi th P. brassicae using appl icat ion of phenolic acids and 

f lavonoids on leaf discs in a no-choice s i tuat ion during 24 h (Jones & 

Fi rn , 1979). The compounds are not d is t r ibuted homogeneously but rather 

presented in a concentrated layer at the leaf surface. Despite these d i f 

ferences and with some exceptions, essent ia l ly s im i la r results were reached 

in th is behavioural setup (Jones & F i rn , I.e.). I t is concluded that a l 

though the available evidence for d i rect involvement of chemosensory sensi

t i v i t y on food preference behaviour is suggestive, the experimental set-up 

does not permit de f in i te conclusions (cf. also Bernays, 1987). 
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CHAPTER 4 

RESPIROMETRY VS. GRAVIMETRY AS METHODS TO DETERMINE THE 

ENERGETIC EFFICIENCY OF FOOD UTILIZATION IN LARVAE OF TWO 

PIERIS SPECIES 

ABSTRACT 

The energetic e f f ic iency of growth was determined for P ier is brassicae 

L. and P. rapae L. (Pier idae, Lepidoptera) ca terp i l la rs in t he i r f i na l 

instars on d i f fe rent a r t i f i c i a l diets and host p lants. Two methodologically 

independent methods were used on the same insects, the conventional g rav i 

metric method and a respirometric method which allowed continuous moni

tor ing of ca te rp i l l a r energy exchange. 

In 7 out of 8 experiments, discrepancies in the calculated energetic 

e f f ic iency between both methods were found for both species, differences 

ranging from -13% to +51%. Differences due to d ietary treatments showed for 

the gravimetric method r e la t i ve l y large var iat ions in both absolute meta

bol ic rate (-17% to +65%) and energetic e f f ic iency (-36% to +11%). The 

respirometric method on the other hand showed smaller var iat ions of -9% to 

+18% in energetic e f f i c iency . Host plant borne polyphenolics incorporated 

in to an a r t i f i c i a l d ie t affected growth rate but did not negatively i n 

fluence energetic e f f ic iency according to respirometric results although 

th is was suggested by gravimetric calculat ions. 

I t is argued that gravimetric budget calculations are subject to a 

number of random and systematic e r ro rs , only par t ly compensated by certain 

recently proposed correct ions. For example, a systematic error of only +5% 

in the dry matter content of the food could explain 75% of the discrep

ancies. Large var iat ions in insect food u t i l i z a t i o n (200-300%) are common 

in the l i t e r a t u r e . An estimation of to ta l heat production by means of 

chronic respirometry during the f i na l instar of an insect i s presented for 

the f i r s t t ime, o f fe r ing a methodological check that was not previously 

avai lable. The results are compared to respiratory rates measured in closed 

vessel respirometers. 

Several sources of er ror in gravimetric budget studies, especial ly those 
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with phytophages, are discussed. I t i s suggested that protein catabolism 

should be accounted for in invest igat ions on metabolic e f f ic iency in i n 

sects. Estimations of energy channeled to maintenance, biosynthesis and 

work are presented. I t is concluded that the majori ty of published values 

on var iat ions in energetic e f f ic iency as a resul t of differences in food 

qua l i t y , determined using the gravimetric method, should be c r i t i c a l l y 

reconsidered. 
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INTRODUCTION 

The measurement of food u t i l i z a t i o n by insects i s usually performed 

using the nu t r i t i ona l index-technique, which i s based on the construction 

of gravimetric budgets (Waldbauer, 1968; Scriber & Slansky, 1981). E f f i 

ciency of food u t i l i z a t i o n i s one of the few available physiological para

meters to assess the e f fec t of differences in food qual i ty on the perform

ance of insects (Slansky & Scriber, 1985). I t has been used to quantify 

s u i t a b i l i t y and resistance of plants to phytophagous insects (Scriber, 

1984) and the ef fects of qua l i ty and quanti ty of speci f ic phytochemicals as 

applied in a r t i f i c i a l diets (Reese, 1979). 

The r e l i a b i l i t y and accuracy of gravimetric dry matter budgets in 

studies employing a r t i f i c i a l diets have recently been disputed by Schmidt & 

Reese (1986). Their resul ts indicate that especial ly the e f f i c iency of 

conversion of digested food into body mass (ECD) i s subject to accumulation 

of e r ro rs . The ECD, also termed metabolic e f f i c iency (Woodring e t a l . , 

1979) generally shows a large degree of var ia t ion wi th in a species as a 

function of food source (see reviews by Mattson, 1980; Scriber & Slansky, 

1981; Slansky & Scriber, 1985). 

Also in our invest igat ions on the potential e f fec t of host-plant borne 

phenolics on food u t i l i z a t i o n in P ier is brassicae L. and P^ rapae L. larvae 

inconsistent results were obtained. Despite several precautions, the re

p roduc ib i l i t y of ECD-values was too low to be acceptable from a methodol

ogical point of view. 

For these reasons, i t was f e l t necessary to develop an independent way 

of measuring the metabolic e f f ic iency of growth in both ca te rp i l l a r spe

cies. A possible way to achieve th is independency i s the use of respiro-

metry to determine the metabolic ra te . Relating th is to the growth attained 

y ie lds a measure of energetic e f f ic iency independent of food intake. For 

such metabolic data to be representative, respirometry should idea l ly be 

continuous during the budget study. 

The present paper describes a flow-through respirometer that allows such 

continuous measurement of metabolic expenditure during the complete f ina l 

i ns tars . I t spec i f i ca l l y aims at a methodological comparison of the grav i 

metric versus the respirometric determination of energetic e f f ic iency of 

body growth and at the measurement of the physiological var iat ion that may 

occur. The e f fects of three host plant borne phenolics as well as the 
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ef fec t of d i f fe rent food plants are assessed employing groupwise compari

sons. Some at tent ion is paid to in ter ind iv idual var iat ion in respirat ion 

ra te . The f indings are discussed in re la t ion to l i t e ra tu re data on grav i 

metric budgets, respiratory ra te , protein catabolism and fa t synthesis of 

P. brassicae. 

General implications for the methodology of studies on insect food 

u t i l i z a t i o n are indicated. 

70 



MATERIALS AND METHODS 

Insects 

Caterpi l lars of Pj_ brassicae and P^ rapae were reared ab ovo in the 

laboratory. Eggs were obtained from continuous laboratory stock cultures 

that were four years old at the onset of th is study. Inbreeding was 

l im i ted by introduct ion of w i ld caught adults in to the cultures once a 

year. Batches of one hundred eggs col lected w i th in 24 hours made up the 

s ta r t ing material of one experiment. Rearing upto the f ina l larval 

ecdysis took place in a c l imat ic room at 25 + 1 °C, 60% RH and 16 hours 

photoperiod. Light sources were four 60 W overhead f luorescent s t r i p -

l i g h t s . Newly ecdysed f i f t h instars used for experiments had moulted 

w i th in less than f i ve hours time difference and ranged from 100-120 mg 

(14 days ab ovo, P. brassicae) or 40-45 mg (13 days ab ovo, P. rapae) 

fresh body weights. The ca terp i l la rs of both species were fed e i ther an 

agar-based semi-defined d iet (Ma, 1972) or reared on in tact plants of 

Brassica oleracea L. var. gemmifera cu l t i var T i ture l (exp. 5) and c u l t i -

var Stiekema (exp. 6 ) . 

Groups of equal s ize, usually 6 larvae of P. brassicae and 8 of P. 

rapae were introduced in to each of both respirat ion chambers. Handling of 

ca terp i l la rs e .g. for weighings, introducing fresh food, removing food 

remains and faeces was kept to a minimum and usually took place f ive 

times during 15-30 minutes during the experimental period. Experiments 

lasted 90 hours (except exp. 6, 72 hours) and th is period in a l l cases 

allowed the larvae to complete the i r development by reaching the pupal 

stage. In experiments with individual larvae (exp. 7 and 10), these were 

kept in t he i r rearing s i tuat ion in glass petr i dishes apart from handling 

during respirometry. As a check for the possible e f fec t of residence in 

the submersed respirat ion chambers, comparable groups were kept continu

ously in t he i r normal rearing circumstances on the same diets as the 

experimental groups. 
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Food sources 

A r t i f i c i a l d ie t 

The composition of the a r t i f i c i a l control d ie t was described by Ma 

(1972). The experimental treatments were for P. brassicae the lowering of 

protein content to 60% of the control d ie t (which contained 22.5% casein 

on dry weight basis) (exp. 1) or addit ion of phenolic compounds: s inalbin 

at 0.4 mM (exp. 2 ) , caffeic acid at 1.0 mM (exp. 3 ) , quercetin at 1.0 mM 

(exp. 4 ) . For P. rapae the additions were caf feic acid at 2.5 mM (exp. 8) 

and quercetin at 2.5 mM (exp. 9 ) . A l l three compounds were of 99% pur i ty 

and obtained from commercial sources (s inalbin from Roth, caf fe ic acid 

and quercetin from Sigma). 

Plant material 

In two experiments (exp. 6 and 7, P. brassicae) the e f fec t of a switch 

to an acceptable host p lant , d i f f e r i ng from the host on which the cater

p i l l a r s had been reared (B. oleracea var, gemmifera), was studied. They 

were B. oleracea var. sabauba cu l t i var Savoy Chieftain (exp. 5) and B. 

oleracea var. rubra cu l t i var Extase (exp. 6 ) . A l l three cu l t ivars were 

reared in a greenhouse at 17 °C. Mature leaves from the middle part of the 

stem of 90-110 days old plants were used. Both a l ternat ive hosts have 

been reported to possess a higher f i e l d resistance to P. rapae ca te rp i l 

lars (Benepal and Ha l l , 1967; Chalfant and Bre t t , 1967). In addi t ion, 

these B^ oleracea var iet ies have been shown to contain r e l a t i ve l y high 

amounts of phenolic compounds as compared to other cabbage var iet ies 

(Schmidtlein and Herrmann, 1975). 
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Gravimetrie budget construction 

Gravimetrie determination of budget parameters and concomitant ca l 

culations were performed as o r i g i na l l y proposed by Waldbauer (1968). In 

b r i e f , the dry matter budget is of the form: 

C = G + F + R, 

in which C is the amount of food consumed, G i s the amount of growth of 

insect body, F is the amount of faeces egested ( including ur inary waste 

products) and R i s the amount of substance los t from the body in the 

gaseous phase due to oxidative energy metabolism. A l l amounts are ex

pressed in mg dry matter. 

The fol lowing e f f ic iency parameters have been calculated: approximate 

d i g e s t i b i l i t y (AD) which equals (C - F)/C; the e f f ic iency of conversion 

of digested food to body substance (ECD), calculated as G/(G + R) or 

G/(C-F). A t h i r d type of e f f ic iency parameter was calculated as G/R (mg 

dry matter of growth per mg of dry matter los t by respirat ion) and is 

termed growth-eff ic iency. The l a t t e r gravimetric measure of the cost of 

growth allows a comparison with the respiratory parameter defined 

hereafter. 

Dry weights were taken a f ter drying to constant weight at 70CC. Dry 

matter content of a r t i f i c i a l diets ranged from 15.97% to 17.77% (mean + 

SD 17.17 + 0.50) over the experiments. Within a batch of d i e t , dry matter 

content had a coef f ic ient of var ia t ion ranging from 0.5 - 3.0% (mean + 

SD: 1.50 + 0 . 8 0 ) . With plant material (exp. 6 and 7 ) , dry matter content 

ranged from 12.4 - 21.8%. Aliquots used for dry matter determinations 

were the long i tud ina l ly matched halves of the same leaves offered to the 

larvae (Waldbauer, 1968). Coeff ic ient of var iat ion between leaves wi th in 

a host species ranged from 1.4 - 6.0%. Corrections for leaf respirat ion 

were performed according to Axelsson and Agren (1979). The value of a in 

the correction formula was set at 0.65. The respirat ion ra te, r, of leaf 

t issue was determined using a volumetric respirometer (Scholander, 1950). 

A value of 0.032 was calculated for r, based upon respirat ion rates found 

to be 1.0 + | J 1 of oxygen per mg DW per hour at 25 °C for a l l three host 

species. This value corresponded in a sat is factory way with data on leaf 

respirat ion obtained via the flow-through gas analysis system. 

A sens i t i v i t y analysis was carried out to estimate the extent to which 

random errors could a f fect the calculated budget parameters (Schmidt and 
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Reese, 1986). I n i t i a l fresh weight of food offered was related to the 

standard deviation in dry matter determinations of a l iquots to calculate 

the error in the R-parameter. Results are given as the absolute amount 

(mg DW) that is e i ther an overestimation or an underestimation of R when 

the re la t ive error in dry matter content of the d iet is 2.5% [^ 5%. 

table 2 ) . 

For example, when the d iet contains 18% dry matter, R2 5% is ca l 

culated at 18 x 0.025, mul t ip l ied by the absolute amount of dry matter 

offered at the s ta r t of the experiment. 

Respirometry and gas analysis 

A gas analysis system was developed that allowed the automatic and 

continuous monitoring of gas exchange by undisturbed, act ively feeding 

ca terp i l la rs ( f i g . 1 ) . The set-up basical ly consisted out of two glass 

respirat ion chambers that were continuously purged with pu r i f i ed a i r of 

known composition (medical qua l i t y ) ; they were kept at constant tempera

ture by submersion in a thermostated water bath at 25 °C. The a i r - f l ow 

through the chambers was regulated at a known and s t r i c t l y constant 

level by an e lect ronic a i r - f l ow regulator (Brooks 5850 TR mass flow 

con t ro l l e r ) . Solenoid valves switched e i ther from one respirat ion chamber 

(control groups) to the other (containing the treated group) or to a 

reference gas stream to check for possible thermal d r i f t in the gas 

analyzers which operated at high sens i t i v i t y . Switching between exper i 

mental groups was programmed to occur once every 60 minutes using elec

t r i c a l t imers. Oxygen concentrations were determined by a d i f f e ren t i a l 

paramagnetic oxygen analyzer (Taylor Servomex OA 184). Carbon dioxide 

production was detected by a d i f f e r e n t i a l l y operating diaferometer or 

catharometer (Pieters, 1971). Analyzer signals were converted to voltages 

and fed to m i l l i v o l t recorders. In termit tent ca l ibrat ion was performed by 

sampling the outcoming gas stream and subsequent volumetric gas analysis 

using a Sonden-apparatus with an accuracy of 20 ppm (van Es, 1958). 

Flow rate was 2000 or 3000 ml /h, par t ia l f low-rate through the d ia

ferometer was 1500 ml /h. Respiration chamber volume was 200 ml. Re

solut ion capacity for oxygen was better than 50 ppm (100-150 y l / h ) , for 

carbon dioxide better than 10 ppm (20-30 y l / h ) . Response times were 2 min 
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(C^) and 1 min (CO2). Technical deta i ls of th is system can be obtained 

from the author upon request. 

The continuous records of the voltage output of both gas analyzers 

were converted to oxygen and carbon dioxide concentrations in the 

respired gas stream using ca l ibrat ion values from the Sonden-analysis. 

During the three months of experimentation, no s ign i f i cant changes in 

ca l ibrat ion values were found. For the purpose of data reduction, con

tinuous records were processed using the averaged values over one hour. 

As the diaferometer i s not speci f ic to carbon dioxide, corrections were 

made for oxygen content of the respired a i r . The sens i t i v i t y of the 

diaferometer to oxygen was 10.0% of that to carbon dioxide. Only absol

utely dry a i r was fed to both analyzers by passing i t through 50 ml glass 

tubes f i l l e d with pumice stones dusted with phosphorous pentoxide. The 

performance of these drying tubes was tested i n te rmi t ten t l y using the 

catharometer as a highly sensit ive water vapour detector (Pieters, 1971). 

Oxygen consumption and carbon dioxide production were calculated using 

the concentration differences between incoming and outcoming a i r f lowing 

through the respirat ion chambers mul t ip l ied by the f low-ra te . The 

Haldane-correction for the cases in which the RQ d i f fered from 1.00 had a 

neglegible inf luence. 

Contributions of leaf respirat ion (exp. 6 and 7) were corrected for 

using respirat ion rates of leaf t issue and leaf biomass offered as food. 

Corrections were made using the formula of Axelsson and Agren (1979). 

Excised leaf portions served as food material no longer than 16 h. Except 

for the f i r s t 6-8 hours of both experiments, leaf contr ibution was 

maximally 10% of to ta l gas-exchange in the respi rat ion chambers j us t 

a f ter introduct ion of fresh leaf portions and declined because of cater

p i l l a r feeding to y ie ld a contr ibut ion of 5% on the average. 

The values obtained were corrected to standard temperature and pres

sure (STP, 273 K and 760 mm Hg). Heat production (H) was calculated 

using the formula of Brouwer (van Es, 1961). The nitrogen term in th is 

formula was neglected (see discussion). The respiratory quot ient , RQ, was 

calculated as STP-volume of carbon dioxide produced divided by STP-volume 

of oxygen consumed. 
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Calculations and s t a t i s t i c s 

Body growth (G, table 1) was measured for individual ca te rp i l l a rs . 

Significance of d i f ferences, due to dietary treatment, between means of 

control and treated groups was tested using Student's t - t e s t (table 1 ) . 

Consumption, egestion, respired dry matter and heat production (table 1) 

were measured as group t o t a l s . Individual values were calculated by 

d iv id ing the group to ta l by the number of ca terp i l la rs in a group. D i f 

ferences between control and treatment were expressed as the percentage 

of difference {% T/C, table 2 ) , which is defined as t reated/control x 

100% minus 100%. As a comparative measure of va r ia t ion , the coef f ic ient 

of var ia t ion (CV) was used. Between indiv iduals wi th in an experimental 

group CV was calculated as the standard error of the mean divided by the 

mean over the ind iv idua ls . CV between group means from d i f fe rent exper i 

ments was calculated as the standard deviation over these mean values 

divided by the grand mean. 
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RESULTS 

Food consumption 

The amount of food consumed by an individual caterpillar, C (mg dry mat

ter), is given in table 1 for all 18 experimental groups of both species. 

Coefficients of variation in food consumption in P^ brassicae were less 

than 7% over the control groups of exp. 1-5 and less than 1.8% between the 

individuals of exp. 5. The mean food consumption over the full duration of 

the final instar was 351 mg DW per caterpillar. Food consumption on leaf 

material of B. oleracea var. gemmifera was 27% higher (445 mg DW, dif

ference 10%, exp. 6 and 7 ) . 

It is seen from table 1 that in exp. 3 and 4 considerable reduction in 

the rate of ingestion occurred due to treatment (27% and 29% respectively). 

In exp. 6, food intake on jL oleracea var. sabauda was 20% lower than the 

control value of 467 mg DW. On red cabbage (exp. 7 ) , food intake was 11% 

higher. 

Over the control groups of exp. 8-10 with P^ rapae, food consumption 

varied 8% CV, while between the individuals of exp. 10 CV was 2.1%. Re

ductions in ingestion rate as a result of caffeic acid or quercetin addi

tion were less than 10%. 

The percentage of food eaten relative to the amount of food offered 

(Schmidt & Reese, 1986) was greater than 50% in all experiments. In exp. 1, 

2, 5, 6 and 7 this percentage was greater than 70% in both control and 

experimental groups. 

Growth 

Several d ietary treatments resulted in to s ign i f i cant growth reductions 

as tested with Student's t - t e s t (table 1 ) . A casein content of 60% of the 

amount in the control d iet supported a s ign i f i can t l y lower growth ra te. The 

phenolic glucosinolate s inalbin did not a f fect growth, while the phenolic 

caffeic acid at 1.0 mM s ign i f i can t l y reduced growth in P. brassicae. Caf

fe ic acid at 2.5 mM was inef fect ive on the growth of P^ rapae . Quercetin 

inh ib i ted growth in both P^ brassicae at 1.0 mM and P^ rapae at 2.5 mM. 

c 
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Table 1 - Gravimetr ic budget parameters (C - food consumption, G - growth, F -
faeces production and R - respired dry mat ter , a l l i n mg DW), resp i rometr ic data 
(02 and C02, ml STP), heat production (H, Joules) and resp i ra to ry quot ient (RQ) of 
P. brassicae (exp. 1-7) and P. rapae (exp. 8-10) on d i f f e r e n t d i e t s . Mean values 
fo r an i nd iv idua l c a t e r p i l l a r , based on measurements on 6-8 l a rvae . Duration of 
experiments 90 h, except exp. 6, 72 h 

Exp. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

diet 

control 

casein 60% 

control 

sinalbin 0.4 mM 

control 

caffeic acid 1.0 mM 

control 

quercetin 1.0 mM 

control 

(individuals) 

control 

sabauda 

control 

rubra 

control 

caffeic acid 2.5 mM 

control 

quercetin 2.5 mM 

control 

(individuals) 

C 

326 
347 

394 
383 

342 
250 

358 
255 

336 
(1.8)b 

467 
375 

422 
467 

125 
114 

112 
108 

104 
(5.7)b 

G 

87 
78 c 

108 
109 

96 
77 c 

96 
67 c 

95 
(2.5) 

79 
84 

100 
105 

42 
42 

34 
31 c 

28 

F 

173 
208 

211 
206 

186 
123 

187 
110 

188 
(3.5) 

321 
221 

265 
268 

55 
43 

56 
49 

58 
(4.2) (4.9) 

R 

66 
61 

75 
68 

60 
50 

75 
78 

53 
(2.5) 

67 
70 

57 
94 

28 
29 

22 
28 

18 

°2 

38.2 

36.7 

43.0 

43.7 

47.9 

36.5 

40.4 

24.4 

37.4 

43.9 

48.8 

52.3 

15.2 

14.4 

13.9 

11.0 

(11.3) 

co2 

40.2 

38.3 

47.0 

48.7 

60.9 

37.2 

41.7 

23.8 

42.9a 

(2.8) 

38.0 

43.9 

51.2 

60.9 

15.6 

14.9 

13.1 

10.6 

14.0a 

(5.3) 

H 

821 
787 

933 
953 

1032 

778 

864 
515 

874â 

(2.83) 

797 
932 

1032 

1154 

325 
308 

291 
232 

297a 

(5.3) 

RQ 

1.05 

1.04 

1.09 

1.11 

1.06 

1.02 

1.03 

0.98 

1.02 

1.00 

1.05 

1.16 

1.02 

1.04 

0.94 

0.96 

a - value i n te rpo la ted based on shorter measuring periods ( c f . t ab le 4 and 5) 
b - values between brackets are CV (%) 
c - value s i g n i f i c a n t l y lower than control (p < 0 .01 or be t te r ) 
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Growth of P. brassicae on leaf material of alternative host plants was 

higher in both cases but below significance. 

The mean value of CV of growth in P^ brassicae was 2.3% both between the 

individuals of the control groups (exp. 1-5) and 6.6% over the means of 

these control groups. 

The mean CV of growth over all treated groups was of similar magnitude 

(7.6%). In exp. 6 and 7 with leaf material, the difference between both 

control groups was 21%. 

Variation in growth within control groups was 3.2% in P. rapae (exp. 8-

10), in treated groups it was 3.9%. Between control group means CV was 16%, 

due to a relatively low growth rate in exp. 10. 

Groups of caterpillars maintained to check for a possible positive or 

negative effect of residence in the respiration chambers showed that growth 

in the submersed respiration chambers was in all cases slightly but not 

significantly better than under normal rearing circumstances. 

Respiration in dry matter equivalents 

In F\ brassicae, the amount of dry matter respired, R, showed a CV of 

2.5% between the individuals of exp. 5. Over control group means (exp. 1-

5 ) , CV was 13%. Reductions in R due to treatment were calculated in exp. 1-

3 (-8%, -9% and -17% respectively), while in exp. 4 and 6 small (4% in both 

cases) and in exp. 7 a very large increase in R (65%) were calculated as a 

result of the respective dietary differences. 

In P^ rapae, individual variation (exp. 10) amounted up to a CV of 

11.3%, over the control groups of exp. 8-10 this was 18% CV. While in exp. 

8, R was only 4% larger in the treated group, in exp. 9 it was calculated 

to be 27% higher. 

Heat production 

Variation in heat production in P. brassicae (table 1) showed a CV of 8' 

between the control group means of exp. 1-5 and 2.8% as individual varia

tion (exp. 5, table 3 ) . The lower protein concentration (exp. 1) nor sinal-

bin (exp. 2) exerted appreciable effects on heat production (-4% and 2% 
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Table 2 - E f f i c i ency parameters and var iab les i n t e r r e l a t i n g gravimetr ic and 
re 

1 

2 

3 

4 

Spirometr ie data. 

contro l 
casein 60% 

ÎT/C 

contro l 
s i na l b i n 0.4 mM 

ÏT/C 

cont ro l 
c a f f e i c ac id 1.0 

ÏT/C 

contro l 
quercet in 1.0 mM 

ÏT/C 

For 

mM 

explanat ion 

AD 

% 

46.9 
40.1 

46.4 
46.2 

45.6 
50.8 

47.8 
56.9 

ECD 

% 

56.9 
56.1 

58.7 
61.2 

61.5 
60.6 

56.1 
46.2 

of symbols, see 

G/R 
mg/mg 

1.32 
1.28 
-3 

1.42 
1.58 
+11 

1.60 
1.54 

-4 

1.28 
0.86 

-33 

G/H 

ug /J 

106 
99 
-7 

116 
114 

-2 

93 
99 
+6 

110 
130 
+18 

tab le 

G/RH 

mg/mg 

1.84 
1.72 

2.01 
1.98 

1.61 
1.72 

1.91 
2.25 

1 and 

RG-H 
mg 

19 
16 

22 
14 

0 
5 

15 
48 

text. 

A%DM 

% 

4.0 
3.3 

4.6 
2.7 

0 
1.0 

3.1 
9.2 

2 

R 2 .5% 
mg 

12 
12 

12 
13 

11 
12 

12 
13 

H/R 
J /mg 

12.4 
12.9 

12.3 
13.8 

17.2 
15.6 

11.7 
6.6 

5 control 44.0 64.2 1.81 109 1.89 3 0.6 13 17.5 

6 

7 

8 

9 

10 

gemini fera 

sabauda 

%T/C 

gemmifera 

rubra 

ST/C 

control 

caffeic acid 

ST/C 

control 
quercetin 2.5 

ÏT/C 

control 

2.5 mM 

mM 

31.3 

41.1 

37.2 

42.6 

56.0 

62.3 

50.0 

54.6 

44.2 

54.1 

54.5 

63.4 

52.8 

60.0 

59.2 

61.1 

51.7 

60.9 

1.18 

1.20 

+2 

1.75 

1.12 
-36 

1.50 

1.45 

-3 

1.55 

1.07 

-31 

1.56 

99 

90 

-9 

95 

91 

-5 

129 

137 

+6 

117 

134 

+15 

95 

1.72 
1.56 

1.65 

1.58 

2.24 

2.38 

2.03 

2.32 

1.65 

21 

26 

-4 

28 

13 

16 

5 

16 

1 

3.8 

5.4 

-0.5 

4.1 

5.4 

6.7 

2.5 

6.7 

0.5 

14 
12 

19 

17 

6 

6 

5 

6 

5 

11.9 
13.3 

18.4 

12.3 

11.6 

10.6 

13.2 

8.0 

16.5 

31 



Table 3 - Results of a s e n s i t i v i t y analysis assuming a 2.5% 
e r ro r i n the est imat ion of percentage dry matter of the food, 
r e f l ec ted i n G/R, or i n the est imat ion of heat production 
( r e f l ec ted i n G/H) regarding i t s e f f ec t on the percentual d i f 
ference between t reated and control groups {% T/C, c f . tab le 
2 ) . 

experiment 2.5% e r ro r range i n % T/C 

G/R G/H 

-34 

-20 

-37 

-51 

-32 

-64 

-37 

-56 

43 

59 

50 

-6 

52 

3 

48 

10 

-11 

-7 

1 

12 

-13 

-9 

1 

9 

-2 

4 

12 

24 

-4 

0 

12 

20 

respectively). Heat production was reduced by both caffeic acid incor

poration (-25%) and addition of quercetin (-40%) at the levels applied. In 

contrast, heat production was enhanced by both alternative host plants in 

exp. 6 (17%) and 7 (10%). 

In P. rapae, heat production varied 5.3% between the individuals of exp. 

10 (table 4) and 5% between the group means of exp. 8-10. Both caffeic acid 

and quercetin resulted into a lower heat production (-5% and -20%) than in 

the control groups. 
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Table 4 - Var ia t ion in carbon dioxide product ion (p i /mg FW/h) of 
i nd iv idua l P^ brassicae larvae (n=8) dur ing four periods of 2 h i n the 
f i n a l i n s ta r (exp. 7). Values at 25 °C, corrected f o r gut contents (est imated at 
22% of f resh body weight) 

minimum 

maximum 

r a t i o max/min 

mean 

CV 

mean 

CV 

mean 

CV 

15-18 h 

1.85 

6 

2.38 

5 

1.29 

1.1 

41-52 h 

1.83 

2.5 

2.22 

3.5 

1.20 

1.8 

per i od 

64-72 h 

1.84 

1.8 

2.18 

1.8 

1.18 

1.8 

81-91 h 

1.74 

6.0 

2.08 

6.4 

1.20 

2.8 

Respiratory quotient 

Diet exerted only minor e f fects on RQ. Differences in respiratory quo

t i en t were greater than or equal to 5% only in exp. 4 (-5%) and exp. 7 

(+10%). Over the values from exp. 1-4 (P. brassicae on a r t i f i c i a l d i e t ) , RQ 

had a mean value of 1.06 (CV 2%). For P\_ rapae on a r t i f i c i a l d ie t (exp. 8 

and 9 ) , t h is was 0.98, with a difference of 9%. 

Digestive e f f ic iency 

Variat ion in approximate d i g e s t i b i l i t y , AD (table 2 ) , between individuals 

of P. brassicae (exp. 5) was 1.1$, between control group means of exp. 1-5 

CV was 3%. The lower casein content (exp. 1) yielded a 14% decrease in AD 

as compared with the control group. Given the value of CV, the number of 

indiv iduals in each group and the mean values of AD (46.9 and 40 .1 ; exp. 1) 

a difference of 10% is s ign i f i cant at p < 0.005 (Student's t - t e s t ) , under 

the assumption that individual var iat ion in the treated group is equal to 

that in the control group (c f . section on growth). Even when var iat ion in 
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the treated groups would be twice as high, s ignif icance at p < 0.025 is 

calculated. 

Sinalbin addit ion did not a f fect AD. In exp. 3, 4 , 6 and 7, values of AD 

were higher by more than 10*. These increases may l ikewise be considered 

s ign i f i can t . 

In 9j_ rapae, var iat ions in AD were higher than in P_̂  brassicae (CV 2.5% 

wi th in the group of exp. 10, CV of 10% between control group means (exp. 8 

- 10). The differences due to dietary treatments are s ign i f i cant at p < 

0.05 under the assumption given above. 

Losses of matter and energy during growth 

To meet convention, the values of ECD are given in table 2. The d is 

cussion w i l l here be l im i ted to the expressions G/R and G/H. 

Regarding the data presented in table 2, two points are of i n te res t : the 

e f fec t of d ie t on growth e f f i c ienc ies , both gravimetric (G/R) and ca l o r i -

metric (G/H) and a comparison between the results of both methods. Only 

differences (% T/C, table 2) greater than 10% w i l l be considered. 

I t i s seen that the growth e f f ic iency that i s calculated gravimetric-

a l l y , results in to a posi t ive e f fec t of d ie t on metabolic e f f ic iency (ex

pressed in material equivalents) in exp. 2 and in negative ef fects in exp. 

4, 7 and 9. In contrast, using the calor imetr ic measure (G/H), in exp. 4 

and 9 the treated groups showed a better energy u t i l i z a t i o n . In 7 out of 8 

experiments (the exception being exp. 1 ) , the results of both methods 

d i f f e r 10% or more (range -13% to +51%). To convert heat production (H) to 

dry weight (R), an energy content of 17.3 J/mg has been used, based upon a 

1:1 r a t io of carbohydrate to protein oxidation (see discussion). The extent 

of these differences in absolute terms i s given by the variable RQ_H 

(table 2 ) , that gives the difference in R (mg DW) between both methods. 

This variable shows that the differences can be considerable as 10 mg DW 

represents about 15% of the to ta l amount of R in P. brassicae. A clear 

trend towards a posi t ive difference is present. 

The variable A%DM (table 2) gives the re la t ive error in estimation of 

percentage dry matter of the food that explains RQ_H- Errors of -0.5% to 

5% explain more than 75% of the cases in which differences between both 

methods emerge. 
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The expected ranges of var ia t ion in the difference percentages {% T/C, 

table 2) when a 2.5% error i s present in e i ther the estimation of the dry 

matter content of the food (R2 5^, table 2) ( ref lected in G/R) or in the 

estimations of respiratory gaseous exchange ( ref lected in G/H), are given 

in table 3. These introduced errors obviously a f fect the calculated %T/C 

for the gravimetric method far more serious (range -64% to +59%) than fo r 

the calor imetr ic method (range -13% to +24%). Moreover, there seems to be 

no correlat ion between the results of both methods. 

F ina l l y , a most sensit ive test variable that in ter re la tes both methods 

i s the quotient H/R, which should r e f l ec t a r e a l i s t i c energy content in 

Joules per mg DW. While in exp. 3, 5 and 10 probable values are calculated 

(16.5 - 17.2 J/mg), the value of H/R is improbably low in a l l other cases. 

Individual var iat ion in respirat ion rates 

Coeff ic ient of var ia t ion in respirat ion rates between indiv iduals of P. 

brassicae (table 4) was r e la t i ve l y high in the i n i t i a l and f i na l phases of 

the instar (CV 5 - 6.5%). During mid- instar, in which the highest growth 

rate is achieved, CV was 1.8 - 3.5%. The ra t io maximum to minimum respira

t ion rate of a single individual varied from 3-8%. In both maximum and 

minimum respiratory rates, a s l i gh t decline i s noticed during the ins tar . 

In ter indiv idual var iat ion in P. rapae, was 1.8 - 3.9%, (table 5 ) . 

Table 5 - Va r ia t ion i n carbon dioxide production (pl/mg FW/h) of i n d i v i d 
ual P. rapae larvae (n=8) dur ing three periods i n the f i n a l i n s ta r (exp. 
10) . Values a t 25 °C, averaged over 20' per iods, not corrected f o r gut 
contents. 

period 

23-27 h 50-53 h 75-77 h 

mean 1.86 1.77 1.81 

CV 1 . 8 2.8 3.9 
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Time pattern in respiratory rate 

Examples of the observed time patterns in respiratory rate are presented 

in f i g . 2 and 3. 

The higher protein level (exp. 1 , f i g . 2) was associated with a con

t inuously higher respiratory rate un t i l 70 h of feeding, a f ter which t h i s 

s i tuat ion was reversed for the remaining 20 hours in the ins tar . I n i t i a l 

and f i na l respirat ion rates were almost equal for both groups, maximum 

metabolic in tens i ty was reached at about the same moment but d i f fe rs 23%. 

Respiratory quotient was both i n i t i a l l y (6-12 h) and f i n a l l y (75-90 h) j u s t 

below 1.00, while in both groups i t remains almost continuously beyond 1.05 

in the intermediary phase. 

While the time course in respirat ion in tens i ty for the control group of 

exp. 4 ( f i g . 3) i s very s imi lar to the corresponding curve in f i g . 2, a 

d i s t i n c t l y d i f fe ren t pattern was caused by addit ion of quercetin at 1.0 mM. 

The e f fec t became apparent only a f ter 17 h, when the treatment resulted in 

a lower respirat ion ra te. After 23 h, a steady decline was observed, 

changing to a s l i gh t increase a f ter 50 h. Afterwards, respirat ion f l uc 

tuated around 275 y l / h for an individual and showed a slow decline from 80 

to 90 h. In the control group a maximum value of 775y l / h was reached 

around 57 h, in the quercetin treated group th is was 3 6 0 y l / h . RO was 

f l uc tua t ing in an i r regular way in the treated group, while in the control 

group a trend in RQ s imi la r to that in f i g . 2 may be noticed, be i t some

what less pronounced. 
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respirometers in P. brassicae reveals that the former are 1.3-1.8 times 

higher than those found by Moreau and Gourdoux (1971) and 2.6-3.6 times 

higher than those presented by Breugnon (1972). These differences can be 

interpreted as in concordance with the suggestions on ' f lask e f fec ts ' of 

Wightman (1977, 1981). On the other hand, respiratory rates in young pupae 

in t h is study were equal to the values reported by Fourche et a l . (1977) 

using a closed vessel method. 

The existence of a calorigenie e f fect of feeding in phytophagous insects 

has been offered as a t h i r d type of explanation, as insects are usually 

starved pr ior to and during respirometry (Aidley, 1976; McEvoy, 1984). When 

offered food, however, respiratory rates of the ca te rp i l l a r species i n 

volved increased by factor 2.05 (Aidley, 1976) and 1.6 (McEvoy, 1984) in 

experiments conducted in Gil son respirometers and las t ing a few hours. In 

the present study, short-term differences between maximum and minimum res

p i ra tory rate in P. brassicae were factor 1.18-1.29 (table 4) and l ikewise 

associated with feeding. Experiments on the e f fect of starvation performed 

separately showed a fast decline (wi th in one hour time) in respiratory rate 

to about 75% of the i n i t i a l value that kept slowly decreasing during the 

fo l lowing 4-5 hours to 60-65% of the metabolic rate during ad l ib i tum 

condit ions, although locomotion was i n tens i f i ed . During th is period about 

80% of the gut contents had been egested (van Loon, unpublished observ

a t ions) . A s imi lar course of decline in metabolic rate was observed in 

Manduca sexta (Johanssen) larvae, which showed a fur ther decrease to a 

stable level of 30% when starvation was extended to a period of 20 hours 

(Ziegler, 1984). These results confirm that ad l i b i tum a v a i l a b i l i t y of food 

can be expected to neutral ize ' f lask e f fec ts ' to a considerable extent 

(A id ly , 1976; Wightman, 1981; McEvoy, 1984). 

The ef fects of protein catabolism 

In the calculat ion of both the gravimetric budget and heat production, 

protein catabolism has been neglected, as nitrogenous excretory products in 

faeces were not determined separately. This may produce an underestimation 

of the assimilated f rac t ion of the food (Bhattacharya & Waldbauer, 1972) 

and an overestimation of the calculated heat production (van Es, 1961). 

These estimation-errors w i l l be examined using published data on P. bras

sicae. The summed to ta l amounts of u r ic and a l lan to ic acids egested by the 
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final instar feeding on cabbage were approximately 10 mg, while the uric 

acid accumulation in the body was about 2 mg (Mauchamp & Lafont, 1975). 

Amino acid balance sheets for P. brassicae feeding on the standard arti

ficial diet led to conclude that 22 mg of amino acids had been utilized for 

fuel (van Loon, unpublished observations). This would equal a total of 11 

mg of nitrogenous waste substances. Both types of data indicate that the 

fraction of food assimilated is underestimated by about 10 mg. For the 

control groups of experiments 1-5, corrected AD values are calculated to be 

2.6-3.1% higher than the ones tabulated (table 2 ) . Conversely, as R must 

have been accordingly higher, ECD and G/R are computed 2.7 4.1% and 10.5-

16.7% lower respectively. On the other hand, when the nitrogen term in 

Brouwer's formula is taken into account (van Es, 1961), heat production 

would be lower by about 20 J. This represents a reduction of 2 - 2.6% 

relative to the original calculations (table 1, exp. 1-5). 

This suggests that protein catabolism cannot be neglected in view of its 

influence on both gravimetric and respirometric energetic efficiency para

meters especially because the influence on both is exerted in opposite 

directions, which enlarges the discrepancies between both methods even 

more. Indeed, the amount of protein catabolism is considerable and in fact 

is estimated to be almost equal to carbohydrate oxidation. It is for this 

reason that in the calculation of G/RH a carbohydrate:protein ratio of 1:1 

was adopted, yielding the average energy content of 17.3 J/mg that was used 

to convert heat equivalents to material equivalents (table 2 ) . Alternative 

assumptions regarding this ratio result into relatively small changes in 

the tabulated values of G/RH. Gravimetric budget studies express metabolic 

efficiency in material equivalents (mg DW) which disregards the widely 

different calorific content of several possible fuel substrates (16.8 J/mg 

for carbohydrates vs. 39 J/mg for lipids). 

Respiratory quotient and fat synthesis 

The 1:1 ratio of protein to carbohydrate oxidation would be expected to 

render a RQ of 0.93. The fact that the measured values are higher is 

consistently explained by the considerable amount of fat synthesis that has 

been shown to occur in P. brassicae (Chippendale & Kilby, 1969; Kastari & 

Turunen, 1977), as in many other larval insects (Slansky & Scriber, 1985). 

Fat synthesis from carbohydrates is accompanied by excess of carbon dioxide 
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release (Kleiber, 1961). Though not reproduced here, it could be calculated 

that the amount of fat synthesis reported, in connection with a 1:1 ratio 

of carbohydrate to protein oxidation, can explain quantitatively the 

measured RQ values in the control groups of exp. 1-5. Fat synthesis at the 

same time explains for a major part the systematic differences between dry 

matter and energy budgets when the latter are calculated using calorific 

contents of dry matter determined with bomb-calorimetry (Schroeder, 1981; 

Slansky, 1985). 

Comparison with literature data on gravimetric budgets in Pieris 

Gravimetric budgets have been published for both P. brassicae (Chlodny, 

1967; Shrihari, 1977; Schoonhoven & Meerman, 1978) and P. rapae (Slansky & 
Feeny, 1974). It must be concluded that for both species the amount of 

growth realized during the final instar varies considerably between 

studies. Growth achieved under the conditions of continuous respirometry is 

the highest reported for both species. Variations in energetic efficiency, 

expressed in dry matter equivalents (G/R) is still greater. When different 

varieties of B. oleracea were offered as food, values for energetic ef

ficiency for P. brassicae differ by factor 2 (Schoonhoven & Meerman, 1978) 

and by as much as factor 7.7 between studies. For P. rapae differences 

range from factor 2 - 4.4 (Slansky & Feeny, 197/). The comparative approach 

presented here makes such large effects of food quality on energetic ef

ficiency improbable. They are most likely to be explained by both measuring 

errors and invalid assumptions. Moreover, the differences are predominantly 

caused by variations in R. When differential experimental durations are 

accounted for, this would imply differences in absolute metabolic rates. 

That these are unlikely comes from the realization that the rates of basic 

metabolic processes have both lower and upper physiological limits that 

have been tentatively established in the present study. The maximum range 

of variation of energetic efficiency (G/H) under ad libitum conditions as 

it emerges from respirometric data in this study is within 25% over 7 

experiments with P. brassicae (table 2 ) . The expression for energetic 

efficiency G/H combines a gravimetric with an energetic measure (yg/J). The 

energetic content of the accumulated biomass has not been determined. It is 

however conceivable that the latter parameter also varies under different 
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dietary regimes, although the pupal c a l o r i f i c content seems f a i r l y defined 

with values close to 23.5 J/mg for d i f fe rent species (Slansky & Feeny, 

1985). 

Comparison with data on other insect species 

The foregoing discussion on the physiological p robabi l i ty of reported 

variat ions in gravimetr ical ly determined energetic e f f ic iency and the i r 

possible causes in both P ier is species pertains to many l i t e ra tu re reports 

on other species (see for bibliography and review Slansky & Scriber, 1982; 

1985). Recalculations of data from invest igat ions on both smaller and 

larger phytophagous species feeding on both plants and a r t i f i c i a l sub

strates demonstrated that the resul t ing ranges in both absolute metabolic 

rates ( in dry matter equivalents) and metabolic e f f ic ienc ies are improbably 

wide and most l i k e l y caused by measuring errors rather than by physiologi

cal causes. One reason for the fact that th is has not been recognised is 

the i n sens i t i v i t y of the ECD to var iat ions in R. Schmidt & Reese (1986) 

reached s imi lar conclusions along a d i f fe rent l ine of reasoning. 

I t i s , however, beyond the scope of t h is paper to present these re 

calculations here. A few studies combined gravimetric techniques with 

Gil son respirometry and thus allow a comparison of the outcomes of both 

methods (Woodring et a l . , 1979; Wightman, 1981; Bailey & Singh, 1977). The 

study of Woodring et a l . (1977) implies that f lask-ef fects are not oper

at ive to the same extent in a l l species or circumstances. 

Sources of er ror in gravimetric budget studies with plant-feeding insects 

Several sources of error that may become especial ly prominent with 

respir ing leaf material in excised condition have been described 

(Waldbauer, 1968; Axelsson & Agren, 1979). However, appropriate corrections 

for leaf respirat ion are rare in the l i t e ra tu re concerning food u t i l i z a t i o n 

in phytophagous insects (Slansky & Scriber, 1985). Addi t ional ly , errors 

caused by differences in excess of food and those inherent in dry matter 

determinations on al iquots (Slansky, 1985; Schmidt & Reese, 1986) influence 

experimental results with plant food in the same way as with a r t i f i c i a l 
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diets. 

An additional source of error is indicated by the systematic deviation 

between G/R and G/RH, the latter being consistently higher. An explanation 

for this phenomenon may be that the determination of dry matter content of 

food material yielded values that are too high. The method used for drying 

that has been most commonly applied is drying to constant weight. This 

however does not guarantee that the resulting material is absolutely free 

from water and a check is usually not performed. Temperatures at which 

drying is performed have not been standardized. Evaporation of water during 

sampling and storage of wet material also may influence the accuracy of dry 

matter determinations. It seems clear that drying method is another poten

tial source of systematic errors in constructing gravimetric budgets. 

Condition of plant food in gravimetric budget studies 

Excision of leaf material from the intact plant is a prerequisite for 

the application of the gravimetric approach. As Wightman (1981) already 

stressed, in the vast majority of food utilization studies on phytophagous 

insects, as in this investigation, the leaf material is not in its natural 

condition. Following excision it looses turgescence and thereby the capac

ity for photosynthesis. Even when turgescence is maintained by water supply 

through the petiole (Scriber, 1979), light intensities have been too low 

for photosynthesis to occur. Light intensity is in no case specified. The 

amount of dry matter fixed by photosynthesis in an attached leaf can read

ily become so large that feeding of an individual insect is in part compen

sated and cannot be measured reliably using the gravimetric method. A 

further complication is the possibility of wound respiration in the leaf 

tissue, which can be five times higher than normal (Uritani & Asahi, 1980), 

as a reaction to the mechanical damage of feeding. These considerations 

lead to the conclusion that there seems to be no single case documented in 

which the calculated efficiency of a phytophagous insect represents a true 

reflection of the feeding situation on its natural food. It is evident that 

especially respirometric techniques have the potential to overcome this 

lack in our knowledge. 
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Effect of d ietary phenolies on energetic e f f ic iency 

One of the objectives of t h is study was to investigate the metabolic 

e f fec t of food qual i ty as modified by the addit ion of host plant-borne 

phenolics. While the gravimetric results suggested a decrease of metabolic 

e f f ic iency in the presence of polyphenolics, the energetic e f f ic iency of 

growth was increased judged on the basis of the respirometric resu l ts . 

Addition of caf fe ic acid or quercetin at the levels applied reduced food 

consumption and growth in the f i na l instar of P. brassicae and quercetin at 

2.5 mM reduced the growth rate in P. rapae. The 1 mM concentration i s near 

the upper l i m i t of the levels reported for both single compounds in B. 

oleracea (Wildanger & Herrmann, 1973; Hanefeld & Herrmann, 1976). These 

compounds reduced survival and growth in ea r l i e r instars (van Loon, un

published resu l t s ) . The mechanism of action of these i nh ib i to ry ef fects i s 

as yet unclear. Reese & Beck (1976 a, b, c) studied the ef fects of several 

phenolics on Agrotis i ps i lon (Hufnagel). They calculated s ign i f i cant re

ductions in metabolic e f f i c iency . Their values exh ib i t a var iat ion range 

that is not very l i k e l y to be r e a l i s t i c despite certain precautions ( c f . 

Schmidt & Reese, 1986). In Hel iothis zea (Boddie), the phenolics chloro-

genic acid and ru t in did not a f fect d ietary u t i l i z a t i o n (Isman & Duf fey, 

1982). During chronic feeding, 90% of the ingested dose of these compounds 

was excreted unchanged (Isman & Duf fey, 1983). 

I t has been suggested by several authors that ' neu t ra l i za t ion ' of a l l e -

lochemical compounds by means of de tox i f i ca t ion , excretion or accumulation 

may require considerable amounts of energy (Feeny, 1976; Schoonhoven & 

Meerman, 1978; Brat tsten, 1979; Reese, 1979; Scriber, 1984). This hypoth

esis has only recently been adequately tested, wich yielded no support for 

the l a t t e r suggestion (Neal, 1987). No technical means are available to 

measure the amount of energy involved in detox i f icat ion processes separ

ately from the main energy requir ing processes such as maintenance, growth 

and work. From the present resu l ts , some indicat ions about t h i s channelling 

can be derived. The dry matter body composition of the young pupa of P. 

brassicae i s documented (Chippendale & K i l by, 1969; Lafont et a l . , 1975; 

Kastari & Turunen, 1977). The energetic requirement of growth leading to 

t h is body composition can be theore t ica l l y estimated using the generally 

observed energetic e f f ic ienc ies of heterotrophic biosynthesis (Schroeder, 

1981). These calculations showed that 32% - 37% of the heat produced can be 
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at t r ibu ted to biosynthesis processes, varying with the assumption regarding 

protein turnover rate ( 1 - 2 respect ively) . Adding costs for d igest ion, 

absorption and membrane t ransport , an estimation of 45% - 50% seems r ea l i s 

t i c . Minimum maintenance requirements are estimated as 30% (Ziegler, 1984). 

Work dedicated to muscular movements during locomotion (Casey, 1983) and 

feeding (McEvoy, 1984) seems to be of minor importance in ca te rp i l la rs from 

a budgetary point of view. From these estimations, i t fol lows that mainten

ance and growth together explain the major part (a minimum of 80%) of heat 

production in P. brassicae. The energy d i rec t l y dedicated to neutral izat ion 

processes w i l l const i tute a minor f rac t ion in view of the constraints to 

increase in metabolic ra te . I t also follows that for example i nh ib i t i on of 

feeding, that increases the duration of development, can resul t in to a 

reduction in energetic e f f ic iency per se caused by the greater re la t ive 

contr ibut ion of maintenance resp i ra t ion , which in i t s e l f i s considerable. 

This in turn implies that duration of experiments should be ident ical for 

a l l experimental groups to be compared, a requirement that i s met in only a 

part of insect food u t i l i z a t i o n studies. 

Conclusions and recommendations 

The continuous respirometry-approach renders an independent method to 

determine the energetic e f f i c iency of growth. Important discrepancies with 

gravimetric results were found despite precautions and correct ions. Several 

random as well as systematic errors are inherent in gravimetric budget 

construct ion. These notions j u s t i f y the conclusion that the r e l i a b i l i t y of 

results reached with gravimetric methods in the majori ty of published 

reports must be c r i t i c a l l y reconsidered. The respirometric method, although 

technical ly tedious, i s to be preferred. The influence of protein cata-

bolism on heat production cannot be neglected and the variable amount of 

nitrogenous excretory products under d i f fe rent d ietary regimes should be 

taken in to account. 

There is no methodologically sound a l ternat ive to continuous calorimetry 

to determine energetic e f f i c iency . A s impl i fy ing modif ication in gravi

metric budget calculations can thus be proposed. Food consumption should be 

estimated by an assumption about metabolic e f f i c iency , the l a t t e r based on 

respirometric data obtained from feeding insects. A sens i t i v i t y analysis 
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can subsequently reveal the e f fect of a set of a l ternat ive values that l i e 

w i th in the p robabi l i ty range of physiological var ia t ion. Determinations on 

the amount of protein catabolism are indispensable to achieve accuracy. 

This a l ternat ive prohib i ts the calculat ion of the ECD, but increases the 

r e l i a b i l i t y of the estimation of food consumption, the main source of 

e r ror , and w i l l allow a physiological ly r e a l i s t i c calculat ion of the as

s imi lat ion e f f ic iency in phytophagous insects. At the moment, growth rate 

under optimized environmental conditions for an insect species and i t s food 

seems to constitute the most representative parameter available to assess 

food qua! i t y . 
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CHAPTER 5 

AMINO ACID AND NITROGEN UTILIZATION BY CATERPILLARS OF TWO PIERIS SPECIES 

FEEDING ON AN ARTIFICIAL DIET AND A HOST PLANT, BRASSICA OLERACEA 

ABSTRACT 

Amino acid and nitrogen u t i l i z a t i o n by P ier is brassicae and P^ rapae 

f ina l instars were studied on a host p lant , Brassica oleracea and on an 

a r t i f i c i a l d iet to assess d iet s u i t a b i l i t y . Food consumption d i f fered 

s i gn i f i can t l y between both diets and was affected by leaf amino acid con

ten t . Relationships were present between to ta l dry weight of food ingested 

over the f i na l instar on the one hand and absorption e f f i c ienc ies of dry 

matter, to ta l amino acids, several individual essential amino acids, 

tyrosine and prol ine on the other, when data on both types of d ie t were 

pooled. Amino acid absorption e f f i c iency was higher on the a r t i f i c i a l d ie t 

than on B. oleracea, differences between both diets were small for most 

amino acids except for g lycine, cystein and serine that were absorbed more 

readi ly on the p lant . Amino acid metabolic e f f i c iency was inversely related 

to amino acid content of the d ie t . U t i l i za t i on patterns were very s imi lar 

for both ca te rp i l l a r species. An extensive conversion of phenylalanine to 

tyrosine was calculated to occur on the basis of the balance sheet procedure 

appl ied. Low degrees of phenylalanine oxidation correlated with lower 

degrees of tyrosine accumulation in the prepupal body mass. Indications were 

obtained that tyrosine and cystein may easi ly become l im i t i ng nutr ients fo r 

growth on both the a r t i f i c i a l d ie t and the host plant when dietary protein 

levels are low. This also applied to both species. 

The data obtained are discussed with reference to l i t e ra tu re data on 

amino acid absorption and metabolic u t i l i z a t i o n . The signif icance of re la 

t ionships between overall food consumption and amino acid u t i l i z a t i o n 

patterns i s i n fe r red . 
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INTRODUCTION 

The effects of specific plant compounds on the consumption and utiliz

ation of food by phytophagous insects is usually tested by adding such 

compounds in known amounts to an artificial diet (Reese & Beck, 1976; 

Reese, 1979). This approach has the advantage that the nutritional back

ground against which to test defined chemical factors can be experimentally 

manipulated and reproduced in time to a large extent. The utilization of 

diets differing in one or more controlled factors is usually quantified by 

gravimetric determination of nutritional indices which reflect absorption 

efficiency and metabolic efficiency. Higher values of the latter two 

parameters are commonly interpreted as indicating a better food quality 

(Waldbauer, 1968; Scriber & Slansky 1981; Scriber, 1984). 

The extent to which artificial diets as such are comparable to the 

natural food of the insect is often judged by their ability to support 

development and growth at normal rates and to sustain at least several 

generations when reared continuously on the artificial diet. Few compara

tive studies on the quality of artificial diets and host plants as food 

sources as reflected in nutritional indices are known to date (Cohen & 
Patana, 1984). Recently it has been demonstrated that these indices can be 

subject to rather serious errors if no appropriate precautions are made 

(Schmidt & Reese, 1986). The accurate measurement of food consumption is a 

prerequisite for reliable determination of food utilization and conclusions 

on food quality. 

A study that combined gravimetric methods with continuous respirometry 

(van Loon, submitted/chapter 4 ) allowed accurate measurement of food 

consumption by caterpillars of Pieris brassicae L. and Pieris rapae L. 

(Lepidoptera: Pieridae). It appeared that food consumption on the common 

host Brassica oleracea L. was considerably higher than that on an artifi

cial diet, while growth rates were similar on both diets. Prior to a study 

on the effects of phenolic allelochemical compounds occurring in B. 

oleracea by incorporating them into a nutritionally adequate artificial 

diet (David & Gardiner, 1966), it was considered essential to examine in 

more detail absorption and metabolic efficiencies of essential nutrients on 

both diets. To this end attention was focussed on amino acids. The aromatic 
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amino acids phenylalanine and tyrosine are known to be the precursors of 

phenolic compounds synthesized by higher plants in the phenylpropanoid 

pathway (Hahlbrock & Grisebach, 1975). In view of th is biosynthetic o r i g i n , 

i t i s conceivable that al lelochemic e f fects of phenolic compounds could 

come about by interact ions at the nu t r i t iona l level (Reese, 1979). In th is 

budget study the overall economy of u t i l i z a t i o n of amino acids is i n ves t i 

gated comparatively for an a r t i f i c i a l and a natural d iet and fo r the two 

related ca te rp i l l a r species. The diets are compared in terms of quanti ty 

and composition of amino acids. Results are discussed wi th reference to 

physiological data on absorption and metabolism of amino acids in 

lepidopterous insects and the i r possible s ignif icance in the regulation of 

quant i tat ive feeding behaviour is in fer red. 
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MATERIAL AND METHODS 

Insects 

Cultures of P. rapae and P. brassicae were maintained in the laboratory 

under circumstances described by David and Gardiner (1962) on Brassica 

oleracea var iety gemmifera DC. cu l t i var T i t u r e l . Eggs l a i d w i th in 24 h time 

difference were collected from these cultures as s ta r t ing material for 

experimental groups. Pr ior to experiments, ca terp i l la rs were reared ab ovo 

upto the f i na l la rval ecdysis in a c l imat ic room at 24 + 2 °C, 60-70 % RH 

and 16 hours photoperiod. They were fed e i ther on cabbage leaves or on a 

semi-synthetic d iet (Ma, 1972). Newly ecdysed f i f t h instars used in exper i 

ments had moulted wi th in less than four hours time difference and ranged 

from 100-120 mg (14 - 15 days ab ovo, P. brassicae) or 40-45 mg (13 - 14 

days ab ovo, P. rapae) fresh body weights. When fed on a r t i f i c i a l d ie t as 

the experimental food source, they were placed ind iv idua l ly in glass pet r i 

dishes (diameter 12 cm) and given ad l i b i tum access to the d i e t . On plant 

food, they were confined ind iv idua l ly in cy l indr ic clear p las t i c containers 

(diameter 20 cm, height 25 cm) with a vent i la t ion opening covered with 

nylon gauze. At the s tar t of an experiment a larva was placed in t h is 

container on an individual cabbage leaf the pet io le of which was inserted 

into a f lask with tap water. Leaves were replaced with fresh ones as 

necessary to ensure ad l ib i tum a v a i l a b i l i t y of food. Temperature during 

experiments was 25 + 1 °C, photoperiod was 16 h. I l luminat ion was provided 
o 

by overhead f luorescent s t r i p l i gh ts at an in tens i ty of c. 5 W/nr. Duration 

of a l l experiments was 90 h, which under the circumstances given was known 

to be long enough to reach the prepupal (pharate) stage. Prepupae were 

immobile and had spun a g i rd le of s i l k . In t h is phase the gut had been 

emptied to contain only minute quant i t ies of mainly reddish excretory 

mater ia l . No shedding of the larval cut ic le had occurred (see resu l t s ) . 

Experimental diets 

Basical ly two types of d ie t were studied, the B. oleracea var iety on 

which the cultures of both species were maintained and the semi-synthetic 
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diet described by Ma (1972). 

The basic d iet contained 22.5 % casein (Nutr i t ional Biochemical Co., 

v i tamin-free) re la t ive to the dry matter part of the d i e t , which cor

responded to 3.6 g of casein re la t ive to fresh weight of d ie t immediately 

a f ter preparation. I t is abbreviated as 'HC' (high casein level) in the 

fo l lowing. In addit ion to the basic d iet i t s e l f , two experimental 

variants of t h is d iet were studied. These were a d iet in which the casein 

content was reduced to 15% of dry matter (hereafter indicated as 'LC' , low 

casein) and the l a t t e r d iet supplemented with 0.41% of dry weight phenyl

alanine ( 'LC+P'). This quantity of phenylalanine supplemented the 15% 

casein d iet to the phenylalanine content of the basic d ie t . To the three 

diets an amount of casein-hydrolysate was added equivalent to 5% of the 

amount of casein. An addit ional protein source in the basic d ie t was present 

in the form of a wheat germ f r ac t i on , which contributed c. 5% protein 

re la t ive to the dry matter of d i e t . 

Individual leaves of B^ oleracea offered as food were taken from 90 day 

old plants grown in a greenhouse at 16 °C under natural l i g h t i n g . They were 

raised from seed in a pot t ing soi l of known composition in 3 l i t r e con

tainers and received 100 ml of a nutr ient solut ion every two weeks. Experi

mental leaves were provis ional ly divided into two age groups. One group 

was made up by 'mature' (abbreviated as 'M') leaves that showed no signs of 

senescence; these leaves were taken from nodes 10 - 20. The second group 

consisted out of 'young' ( 'Y ' ) growing leaves from nodes 21 - 25. Six 

plants were used in t h is way for each of both species of ca te rp i l l a rs . 

Samples of leaf material for chemical analyses were taken at the s ta r t and 

at end of the experiment and analysed separately. In addit ion to the f ive 

diets described above a s ix th dietary regime involved a change in feeding 

h is tory . In t h is case, ca terp i l la rs reared on the synthetic d iet ab ovo 

upto the onset of the f i f t h instar were subsequently offered leaves of the 

'young' category as the experimental food source. This s i tuat ion is re fer 

red to as 'Y(D)' in t h is t ex t . 

Gravimetric budget construction 

Dry matter budget parameters were determined gravimetr ical ly (Waldbauer, 

1968). In calculations the equation: amount of food consumption (C) = 
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amount of faeces egested (F) + amount of growth of body substance (G) + 

amount of fuel substance used in respirat ion (R). A l l values refer to dry 

weight . Dry matter budgets were determined for indiv idual ca te rp i l l a rs . 

Food, insects and faeces were lyophi l ized at -35 °C and 0.02 bar during 48 

h (WKf L 05 freeze dryer) and subsequently dried at 70 °C for 24 h, a f ter 

which the constancy of dry weights was checked at 2 h i n te rva ls . Growth was 

calculated as the difference between the body weight at the time of sacr i 

f i ce (90 h a f ter the onset of the experiment) and the individual dry weight 

of a newly ecdysed f i f t h i ns ta r , determined using an a l iqout of 20 insects 

sacr i f iced w i th in 1 h of ecdysis. Faeces were col lected once, at the end 

of the experimental period. Under the circumstances given, faeces dried 

rapid ly to become f i rm discrete pe l l e t s . D i f ferent from the method used by 

Waldbauer (1968), in which i t is assumed that food consumption can be 

measured d i r ec t l y , the amount of food ingested was estimated by summing G 

and F and an estimate of R, the amount of dry matter respired ( c f . Simpson, 

1982). This estimation was based upon continuous measurements of 

ca te rp i l l a r respirat ion during circumstances comparable to those in the 

present study that yielded a measure of the energetic e f f ic iency of growth 

(van Loon, submitted/ c f . chapter 4 ) . For P. brassicae the energetic 

e f f ic iency of growth was set at 0.56*G, for P. rapae a value of 0.5*G was 

used. The consequences of a l ternat ive assumptions about the actual values of 

the amount of dry matter respired, based on a physiological var iat ion of 15% 

(coef f ic ien t of var iat ion) found under d i f fe rent d ietary regimes (van Loon, 

submitted/ c f . chapter 4) were calculated to be small and are not fur ther 

considered in the fo l lowing. 

Budgets for to ta l n i t rogen, to ta l amino acids and 17 individual amino 

acids were obtained by mul t ip ly ing the values of the C-, F- and G dry 

matter budget parameters by the content of the l a t t e r components (expressed 

as percentage of dry matter) that resulted from the chemical analyses. In 

these calculat ions, group means for the budget parameters were used as 

insects belonging to the same experimental group had been pooled pr ior to 

analyses. 

As measures of e f f i c iency , absorption e f f ic iency (AE) and metabolic 

e f f ic iency (ME) according to the terminology of Woodring et a l . (1979), 

were calculated. The l a t t e r two parameters are equivalent to the coe f f i 

cient of approximate d i g e s t i b i l i t y and the e f f i c iency of conversion of 

digested food to body substance as defined by Waldbauer (1968). 



Nitrogen and amino acid analyses 

Total nitrogen was determined using a micro-Kjeldahl system (Btlchi 

322/342, coupled to a Mettler DL 40 e lectronic t i t r a t o r ) . Analyses were run 

in duplicate or t r i p l i c a t e when the i n i t i a l duplicates d i f fered by more 

than 5%. 

Prior to analysis, the dried samples of insects, faeces and food were 

ground in a Culat t i apparatus and forced through a 0.5 mm metal sieve. A 

portion of the pulverized material was weighed and hydrolysed in 100 ml of 

6N hydrochloric acid under re f lux at 110 °C for 22 h. Af ter evaporation of 

the hydrolysate f l u i d , the remaining concentrated f rac t ion was redissolved 

in to c i t ra te buffer (pH 2 .0) . Amino acids were separated by ion-exchange 

chromatography and quant i f ied using the ninhydrin-reaction (Moore & S te in , 

1951; Spackman et a l . , 1958). This was accomplished using a Biotronik LC 

2000 automatic amino acid analyzer. The main column in t h is system had a 

length of 26 cm and a diameter of 6 mm. I t was packed with Durrum DC 6A 

res in . The pre-column contained Durrum DC 3. Fifteen amino acids ( table 1) 

could be quant i f ied a f ter acid hydrolysis. Spectrophotometry detection was 

performed at 570 nm, except for p ro l ine , which was measured at 440 nm. 

Glutamine and asparagine were measured as glutamic and apart ic acids re 

spect ively, they are referred to as Glx and Asx respect ively. Instead of 

the usual three-buffer system, a four-buffer system was used to produce a 

complete separation between peaks of phenylalanine and tyrosine on one hand 

and glucosamine and galactosamine on the other hand. The sulphur-containing 

amino acids methionine and cystein were determined as methionine sul phone 

and cysteic acid respect ively, a f ter performic acid ox idat ion. Samples were 

analyzed in duplicate or t r i p l i c a t e when the i n i t i a l duplicates d i f fered by 

more than 10%. 

Leaf material was sampled at the s t a r t , halfway and at the end of the 

experimental period and values on amino acid content averaged. Amino acids 

are referred to by the i r t h ree- le t te r code (c f . Chapter 2, table 1 ) . 
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RESULTS 

Food consumption, assimilat ion and growth 

In both species, s ign i f i can t differences in food consumption over the 

complete f ina l instar occurred depending on the d iet offered (tables 1 and 

2 ) . On Brassica leaves more food was consumed than on the three a r t i f i c i a l 

d ie ts . An exception is the Y(D)-group of P. rapae that showed a very poor 

performance. This was caused especial ly by four out of ten ca terp i l la rs 

that achieved an unusually poor growth ra te. None of the ca terp i l la rs in 

t h is group reached the prepupal stage w i th in the 90 h period. The ex

ceptional posi t ion of the l a t t e r group was ref lected in several other 

parameters discussed below and w i l l not be e x p l i c i t l y mentioned in the 

fo l lowing . Unless stated otherwise, the descriptions refer to both 

species. 

The lower casein level did not a f fect the amount of food intake in both 

species. On the Phe-supplemented d i e t , P_̂  brassicae showed an increased 

consumption, while P. rapae did not. Both species consumed more food on 

mature leaves than on young leaves. 

Variations in growth on d i f fe ren t d iets were smaller than in food con

sumption. Although some s ign i f i cant differences between diets occurred 

these were not consistently between plant material and a r t i f i c i a l d i e t , as 

with food consumption (tables 1 and 2 ) . 

Higher values of AE correlated with lower values of food consumption 

over the d iets (Spearman's rho was -1 (p < 0.01) fo r P. rapae, except fo r 

the out ly ing value for the Y(D)-group, for P. brassicae rho was - 0.77 (p < 

0.1) ( f i g . 1 ) ) . These inverse re lat ions were ref lected in a smaller degree 

of var iat ion in the amount of assimilat ion (equals C - F) compared to the 

amount of food consumed on the d i f fe rent d ie ts . In P. rapae the coef f ic ient 

of var ia t ion in the means for diets was 18% for the C parameter, while for 

the assimilated f rac t ion th is was 8%, fo r P. brassicae these values were 9% 

and 4% respect ively. 
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Table 1 . Dry matter budget parameters and absorpt ion e f f i c i e n c y fo r 
P. brassicae f i f t h i ns ta rs i n s i x d ie ta ry s i t u a t i o n s . C, F and G i n 
mg dry mat ter , AE i n Ï 

d i e t C F G AE 

a r t i f i c i a l 

LC 340 + 23 a 201 + 16 a 8 9 + 7 a 41.8 + 1.8 c 

LC + P 372 + 21 b 230 + 13 b 9 1 + 6 ab 39.0 + 1.1 b 

HC 339 + 25 a 190 + 14 a 9 5 + 9 b 44.8 + 2.1 d 

Brassica 

M 434 + 20 d 291 + 24 d 9 2 + 9 ab 34.0 + 3.4 a 

Y 398 + 38 c 246 + 27 bc 9 7 + 9 b 39.1+ 1.7b 

Y (D) 399 + 15 c 245 + 11 c 99 + 13 b 39.5 + 3.4 b 

Means + SD (n = 1 0 ) . Means i n a column are s i g n i f i c a n t l y d i f f e r e n t 
when d i f f e r e n t l e t t e r s are present a t the r i g h t and there i s no l e t t e r 
i n common (p < 0 .05, mu l t i p l e app l i ca t ion o f Student 's t - t e s t , 
s t a r t i n g w i th the two lowest va lues) . For abbrev iat ions see Methods 

Table 2 . Dry matter budget parameters and absorpt ion e f f i c i e n c y f o r 
P. rapae f i f t h i ns ta rs i n s ix d ie ta ry s i t u a t i o n s . C, F and G i n mg 
dry mat ter , AE i n % 

d i e t C F G AE 

a r t i f i c i a l 

LC 105 + 20 b 59 + 13 a 30 + 5 b 4 5 . 1 + 1 . 9 c 

LC + P 102 + 24 b 58 + 15 a 30 + 6 b 45.4 + 2.4 c 

HC 101 + 12 b 51 + 10 a 33 + 5 bc 51.3 + 6.0 d 

Brassica 

M 157 + 17 d 102 + 13 c 36 + 4 c 36.0 + 2.8 b 

Y 132 + 4 c 82 + 5 b 33 + 1 b 39.2 + 2.0 b 

Y (D) 73 + 25 a 54 + 19 a 13 + 7 a 27.1 + 11.1 a 

Means + SD (n = 10-12). Deta i ls see table 1 
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Figure V. 
Relat ionships between absorpt ion e f f i c i e n c y and t o t a l food consumption over 
the f i n a l i n s t a r of P^ brassicae and P_̂  rapae feeding on d i f f e r e n t d ie ts ( 
l e t t e r codes see Methods). Regression equations of f i t t e d l i n e s : y = -10x + 
760 ( r = 0 .92 , P. b rass icae) ; y = -3.8x + 284 ( r = 0 . 9 1 , P^ rapae). 

Total nitrogen and amino acid budgets 

Nitrogen ingestion on e i ther a r t i f i c i a l d iets or Brassica was in both 

species generally higher on diets w i th a higher nitrogen content (tables 3 

and 4). Increased nitrogen intake was accompanied by a higher nitrogen 

egestion but not proport ional ly as i s seen from the decrease in AE. 

Nitrogen absorption e f f ic iency was higher on a r t i f i c i a l diets in both 

species. The ME-values for nitrogen varied from 85 - 99% in P. brassicae 

and from 84 - 115% in P. rapae. The concomitant balance inequal i ty was 

smaller than 10%, e i ther posi t ive or negative. The inequal i ty tended to be 

higher wi th higher n i t rogen-levels in the d iet . 

Amino acid ingest ion, accumulation and absorption e f f i c iency were 

higher on diets containing higher amino acid concentrations. Absorption 

e f f ic iency of amino acids was substant ia l ly higher than comparable values 

for e i ther to ta l dry matter (table 1 and 2) or nitrogen (tables 3 and 4). 
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Table 3 . Ni trogen budget and e f f i c i e n c y parameters and n i t rogen content of d i e t 
f o r P. brassicae f i n a l i ns ta rs i n s i x d i e ta ry s i t u a t i o n s . Analyses of 
hydrôTysates i n which amino acids have been determined. C, F and G mg, AE and 
ME %. N-content i n % of dry weight of d i e t 

d i e t 

a r t i f i c i a l 

LC 

LC + P 

HC 

Brassica 

M 

Y 

Y (D) 

C 

12.12 

13.05 

15.11 

14.19 

18.19 

18.75 

F 

4.44 

5.11 

6.29 

6.43 

8.81 

9.24 

G 

7.50 

7.02 

7.46 

7.86 

8.86 

8.34 

AE 

63.4 

60.8 

58.4 

54.7 

51.6 

50.7 

ME 

98 

88 

85 

99 

94 

88 

(C-F-G)/Ca 

+ 1.5 

+ 7.0 

+ 9.0 

- 0.7 

+ 2.9 

+ 6.2 

N-content 

3.53 

3.48 

4.43 

3.27 

4.57 

4.70 

Group means (n = 10) . a: balance i n e q u a l i t y , expressed as percentage of C. 
Abbreviat ions see Methods 

1.17 

1.20 

1.46 

2.45 

2.32 

2.67 

68.2 

66.3 

67.7 

98 

98 

87 

+ 1.7 

- 0.8 

+ 8.7 

3.53 

3.56 

4.43 

Table 4 . Nitrogen budget and e f f i c i e n c y parameters and n i t rogen-content of d i e t 
f o r P. rapae f i n a l i ns ta rs i n s ix d i e ta ry s i t u a t i o n s . Analyses of hydrolysates 
i n wKTch amino acids have been determined. C, F and G mg, AE and ME %. N-
content i n % dry weight of d i e t 

d i e t C F G AE ME (C-F-G)/Ca N-content 

a r t i f i c i a l 

LC 3.69 

LC + P 3.56 

HC 4.52 

Brassica 

M 4.98 

Y (D) 6.01 

Y (0) 4.09 

Group means (n = 10-12). Deta i ls see tab le 3 
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2.15 

2.63 

2.93 

3.00 

2.83 

1.34 

56.9 

56.2 

28.3 

106 

84 

115 

- 3.3 

+ 9.0 

- 4.4 

3.17 

4.58 

5.17 



Accumulation of amino acids i n the body was higher on Brassica than on 

a r t i f i c i a l d ie t . The to ta l amount of amino acids oxidized was increased at 

higher dietary levels of amino acids, re f lected also in lower values of ME 

( f i g . 2). In the Y(D)-group of P̂_ rapae AE and especial ly ME showed much 

lower values than the other f i ve groups. 

A weak negative correlat ion was present when to ta l food consumption was 

p lot ted as a function of the overall absorption e f f ic iency of amino acids 

( f i g . 3). Values for the l a t t e r parameter were considerably higher than 

fo r to ta l n i trogen. The r a t i o of nitrogen to amino acids in faeces was 0.32 

- 0.36 on a weight basis during feeding on a r t i f i c i a l d ie ts , while i t was 

0.30 - 0.42 on leaf material in P.brassicae (table 3 and 5). Nitrogen to 

amino acid rat ios in J\ rapae ranged from 0.30 - 0.34 on a r t i f i c i a l diets 

and from 0.27 - 0.47 on Brassica ( tab le 4 and 6). 
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Figure 2: 
Relationships between amino acid content of different diets ( let ter codes, 
see Methods) and metabolic efficiency of amino acid u t i l i za t ion . Regression 
equations: y = -2x + 109 (r = 0.88, P^ brassicae); y = -1.9x + 116 (r = 
0.89, J \ rapae). 
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Table 5. Amino ac id budget and e f f i c i e n c y parameters and amino acid content of 
d ie ts f o r P. brassicae f i n a l i n s t a r s . Summed t o t a l s of seventeen amino ac ids . 
Amino acid content i n % o f dry weight of d i e t 

d i e t 

a r t i f i c a l 

LC 

LC + P 

HC 

C 

66.3 

77.4 

94.7 

F 

13.7 

16.1 

17.6 

G 

36.2 

39.6 

40.4 

Ra 

16.4 

21.8 

36.7 

AE 

79.3 

79.2 

81.4 

ME 

68.8 

64.5 

52.4 

amino acid 
content 

19.3 

20.6 

27.8 

Brassica 

M 82.7 

Y 102.7 

Y (D) 108.6 

21.6 

22.9 

22.1 

46.1 

51.8 

45.2 

15.1 

28.0 

41.2 

73.9 

77.7 

79.7 

75.3 

64.9 

52.3 

19.1 

25.7 

27.2 

Group means (n = 10) a: R re fe rs to apparent overa l l net ox ida t ions , 
i r r espec t i ve of i n terconvers ions. Abbreviat ions see Methods 

Table 6 . Amino acid budget and e f f i c i e n c y parameters and amino acid content of 
d i e t s f o r P. rapae f i n a l i n s t a r s . Summed t o t a l s o f seventeen amino ac ids . Amino 
ac id content i n % o f dry weight of d i e t 

d i e t C F G R AE ME amino acid 
content 

a r t i f i c i a l 

LC 20.6 

LC + P 20.7 

HC 28.3 

Brassica 

M 28.6 

Y 33.2 

Y (D) 19.7 

3.9 

3.5 

4.7 

13.1 

12.1 

15.3 

3.6 

5.0 

8.3 

81.1 

83.1 

83.4 

78.4 

70.3 

64.8 

19.7 

20.7 

27.8 

7.9 

8.9 

6.3 

17.8 

16.5 

6.4 

2.9 

7.8 

7.1 

72.4 

73.2 

68.0 

86.0 

67.9 

47.8 

18.2 

25.4 

24.9 

Group means (n = 10-12) . De ta i ls see tab le 5 
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Absorption e f f ic iency 

Considering individual amino acids, i t i s seen that AE values d i f f e r 

l i t t l e between groups of P. brassicae ca terp i l la rs feeding on a r t i f i c i a l 

d iets (table 7). Within the essential amino acids, only His shows a maximum 

difference exceeding 3% (7%). Of the non-essential amino acids, AE for Gl y 

and Cys d i f f e r by more than 5% between the three d iets. Differences in AE 

Table 7. Absorption efficiency [%) of individual amino acids in six dietary 
s i t ua t i ons i n 

amino ac id 

Essent ial 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

P. bra 

LC 

89 

90 

88 

79 

85 

78 

91 

85 

69 

81 

83 

90 

21 

46 

59 

76 

77 

ssicae 

a r t i f i c i a l 

LC + P 

89 

88 

88 

77 

84 

79 

91 

85 

67 

79 

83 

89 

28 

42 

59 

75 

77 

HC 

90 

87 

90 

80 

86 

79 

92 

87 

62 

81 

86 

91 

52 

49 

64 

79 

80 

M 

73 

78 

74 

74 

76 

74 

81 

80 

71 

70 

73 

76 

37 

65 

76 

74 

75 

Brassica 

Y 

76 

79 

76 

76 

79 

75 

83 

87 

67 

79 

81 

77 

48 

66 

77 

79 

79 

Y(D) 

78 

79 

78 

77 

79 

76 

83 

87 

66 

81 

82 

80 

70 

71 

74 

79 

80 

Values rounded to integer percentage points 
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Table 8. Absorption e f f i c i ency (%) o f i nd iv idua l amino acids i n s ix d ie ta ry 
s i t ua t i ons i n P. rapae 

a r t i f i c i a l Brassica 

Essential 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

89 

82 

90 

81 

87 

80 

89 

87 

74 

82 

85 

89 

69 

34 

61 

78 

82 

90 

92 

90 

82 

87 

82 

89 

87 

78 

81 

88 

90 

63 

41 

66 

79 

83 

92 

93 

91 

83 

88 

83 

89 

88 

72 

82 

89 

92 

45 

40 

67 

81 

83 

LC LC+P HC M Y Y(D) 

72 

73 

70 

71 

75 

74 

78 

77 

69 

77 

75 

74 

74 

76 

72 

73 

82 

71 

68 

76 

70 

69 

76 

67 

66 

83 

53 

72 

69 

79 

73 

60 

74 

74 

75 

73 

73 

77 

63 

62 

74 

76 

74 

75 

70 

68 

49 

58 

59 

66 

68 

Values rounded to in teger percentage points 
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between groups feeding on Brassica were greater than 5% wi th Leu (11%) and 

Arg (7%) and wi th Gly, Cys and Pro. Generally, AE was higher on a r t i f i c i a l 

d ie t than on Brassica, maximal differences ranging from 5 - 16% for essen

t i a l amino acids. For Arg, differences were minimal while for His, Gly, Ser 

and Cys the reversed s i tua t ion occurred. With the remaining non-essential 

amino acids, AE values for Tyr and Pro d i f fered maximally 15 and 13% 

respectively while differences for Ala, Asx and Glx were small. 

The pattern found in AE values fo r P. rapae is essent ia l ly s im i la r , w i th 

only few exceptions (table 8). Va r i ab i l i t y in AE i s s l i g h t l y higher for 

groups feeding on Brassica when the Y(D) group is taken in to account. 

Differences in absorption e f f ic iency of individual amino acids between 

groups feeding on a r t i f i c i a l diets and those offered plant food were 

greater than in P̂_ brassicae (9 - 22%, disregarding the Y(D) group). 

In a comparable way as in f i g . 3, food consumption has been p lot ted as a 
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Fi gure 3_: 
Relationships between absorption efficiency of amino acids and food con
sumption over the f inal instars of P. brassicae and P. rapae on different 
diets ( le t ter codes see Methods). Regression equations: y = -12x + 1330 (r 
= 0.83; P. brassicae); y = -4.3x + 458 (r = 0.95, P. rapae). 
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function of AE for some representative amino acids ( f i g . 4 and 5). In both 

species food consumption i s lower at higher values of AE, although these 

re lat ions are not s t r i c t . Spearman's rank corre lat ion tes t showed s i gn i 

f icant c o r r e l a t i o n s f o r Val and Lys (p < 0.01), f o r Phe, Tyr , Leu, He and 

Pro (p < 0.025) and f o r Thr (p < 0.05) i n P^ brassicae (n = 6). For P^ 

rapae s ign i f i can t rank correlat ions were calculated for a l l essential amino 

acids except f o r Lys and f o r the non-essent ia l Tyr (p < 0.05, n = 5, 

disregarding the values for the Y(D)-group). 
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Fi gure 4: 
Relationships between the absorption eff iciency of a particular amino acid 
and the amount of food consumed over the f inal instar of P. brassicae. 

119 



5 
"O 
Ol 
E 

o. 
E 
•3 
en 
c 
o 
o 

T3 
O 
O 

180 

160-

uo 

120-

100-

90 

80 

%. 

o Phe 
• Val 
• Ile 
A Tyr 
a Arg 

!%•>§» 

65 70 75 80 85 90 95 

absorption efficiency % 

Figure 5: 
Relationships between the absorption efficiency of a particular amino acid 
and the amount of food consumed over the f inal instar of P. rapae. 

Metabolic u t i l i z a t i o n 

Metabolic u t i l i z a t i o n e f f ic ienc ies of individual amino acids showed a 

higher degree of v a r i a b i l i t y over d i f fe rent diets than AE values (table 9 

and 10). In P. brassicae ME of most amino acids ranged from 40 - 80%, for 

P. rapae th is was 50 - 90%. In both species, especial ly Pro and Glx were 

u t i l i z e d less e f f i c i e n t l y , together wi th Leu and Ala on Brassica. In the 

Y(D)-group of P. rapae, another s ix amino acids were u t i l i zed wi th com

parat ively low e f f i c ienc ies . In both species, especial ly His, Lys and Arg 

showed values of ME higher than 80 or 90% on a l l d iets. Values of ME 

greater than 100%, ind icat ing net synthesis, were found for Tyr on a l l 

d iets and in both species. On a r t i f i c i a l d ie ts , Cys and Gly and Asp also 

were characterized by ME values exceeding 100% in both species, except for 
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Table 9. Metabolic efficiency (%) of individual amino acids in six dietary 
situations in 

amino acid 

Essential 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

P. brassicae 

LC 

72 

70 

54 

80 

66 

75 

70 

81 

98 

73 

30 

125 

234 

168 

69 

102 

44 

artificial 

LC+P 

51 

68 

51 

83 

62 

73 

55 

71 

96 

69 

30 

133 

222 

187 

63 

101 

42 

HC 

57 

58 

42 

60 

50 

57 

45 

60 

82 

58 

20 

103 

87 

136 

44 

77 

29 

M 

61 

88 

59 

64 

73 

66 

92 

76 

97 

55 

65 

144 

166 

63 

55 

75 

78 

Brassica 

Y 

59 

91 

56 

62 

67 

62 

80 

46 

96 

46 

37 

149 

120 

60 

51 

65 

66 

Y(D) 

50 

75 

45 

60 

52 

52 

64 

44 

93 

32 

29 

149 

40 

49 

52 

61 

58 

Values rounded to integer percentage points 
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Table 10. Metabolic efficiency (%) of individual amino acids in six dietary 
s i tua t i ons i n 

Essential 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

P. ra 

LC 

70 

74 

48 

79 

72 

81 

78 

93 

97 

98 

50 

129 

117 

295 

94 

115 

50 

pae 

a r t i f i c i a l 

LC+P 

52 

60 

56 

75 

70 

73 

64 

80 

93 

92 

28 

146 

198 

239 

80 

103 

41 

HC 

68 

64 

50 

69 

62 

70 

66 

86 

95 

83 

22 

121 

140 

232 

66 

101 

42 

M 

69 

89 

68 

81 

86 

77 

98 

92 

98 

61 

87 

133 

54 

82 

63 

84 

90 

Brassica 

Y 

59 

90 

60 

71 

50 

67 

91 

65 

95 

57 

55 

136 

65 

82 

59 

68 

78 

Y(D) 

42 

33 

34 

44 

35 

46 

56 

31 

80 

22 

28 

142 

61 

54 

64 

67 

58 

Values rounded to integer percentage points 
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Cys and Asp on the HC-diet. Both over the a r t i f i c i a l diets and over the 

Brassica groups, ME generally decreased at higher amino acid levels in the 

food, a trend also presented in f i g 2 for to ta l amino acids. This trend 

encompasses the main part of the var iat ion in ME and was present also for 

several individual amino acids. Negative rank correlat ions calculated for 

essential amino acids were s ign i f i cant for Thr (p < 0.01), Arg (p < 0.025), 

Phe (p < 0.05) and l i e and Lys (p < 0.1) in P_̂  brassicae (n = 6 ) . In P^ 

rapae such correlat ions were present for Val (p < 0.01), Thr (p < 0.025), 

Arg (p < 0.05) and Phe and l i e (p < 0 .1 ) . 

U t i l i za t i on of phenylalanine 

The observation of considerable degrees of Tyr synthesis on a l l d iets 

and in both species made i t relevant to consider the u t i l i z a t i o n of as

similated Phe, the only precursor of Tyr, in more detai l ( table 11 and 12). 

I t appeared that in both species the f rac t ion of Phe oxidized re la t i ve to 

the to ta l amount assimilated was strongly dependent on the d ie t . On the LC-

and M-diets small quant i t ies of Phe were oxidized as opposed to the other 

d ie ts . The amounts of Phe and Tyr accumulated in the prepupal body also 

showed a considerable va r ia t ion , being higher in the groups feeding on 

Brassica. At lower levels of Phe ox idat ion, Tyr content of the pupal body 

i s also lower, except for the Y(D) groups of both species. Supplementing 

the LC d iet with Phe resulted into a considerable decrease of the re la t ive 

amount of Phe devoted to growth. 

Amino acid composition of d ie ts . 

Amino acid composition of the a r t i f i c i a l d ie t ( i . e . the content of 

individual amino acids divided by the to ta l amino acid content) was c lear ly 

d i f fe rent from that of Brassica (table 13). Differences were smaller than 

10% only with Ser, Val , I l e and Tyr. Thr, Phe, Arg, Cys, Asp, Ala and Gly 

were abundant in Brassica, while the a r t i f i c i a l d iet contained r e la t i ve l y 

more Met, Lys and His. Minor differences (smaller than 5%) occurred in 

amino acid patterns of mature and young leaves. Pro and Arg were more 

prominent in young leaves while the opposite was the case with Ser and 

Tyr. 
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Table 1 1 . U t i l i z a t i o n of ass imi lated phenylalanine f o r growth, t y ros ine 
synthesis and ox idat ion and phenylalanine and t y ros ine content of p r e -
pupae (% o f dry weight) i n P. brassicae 

diet 

Phenylalanine u t i l i z a t i o n 

growth Tyr-synthesis ox ida t ion 

Phenylalanine Tyrosine 

content content 

a r t i f i c i a l 

LC 

LC + P 

HC 

Brassica 

M 

Y 

Y (D) 

72 

51 

57 

61 

59 

50 

27 

24 

3 

35 

33 

30 

2 

25 

40 

20 

2.27 

2.41 

2.55 

3.95 

4.28 

4.43 

2.62 

2.78 

2.46 

4.80 

5.12 

4.29 

Table 12. Utilization of assimilated phenylalanine for growth, tyrosine 
synthesis and oxidation and phenylalanine and tyrosine content of pre -
pupae (% of dry weight) in P. rapae 

d i e t 

a r t i f i c i a l 

LC 

LC + P 

HC 

Brassica 

M 

Y 

Y (D) 

Phenyl al 

growth 

70 

52 

68 

69 

59 

42 

anine 

Tyr-synth 

27 

33 

21 

29 

27 

19 

u t i l i z a t i o n 

es is ox ida t ion 

3 

15 

11 

2 

14 

39 

Phenylalanine 

content 

2.23 

2.27 

2.42 

2.61 

2.73 

2.50 

Tyrosine 

content 

3.66 

4.18 

4.15 

4.30 

4.65 

3.52 
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Table 13. Average amino acid composition of a r t i f i c i a l d i e t , 
nature and young B^ oleracea - leaves as percentages of t o t a l 
amino acid content of these d ie ts 

d i e t 

ami no acid 

Essential 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

a r t i f i c i a l 

4.50 

2.45 

8.07 

4.94 

6.33 

4.45 

7.26 

4.48 

2.84 

3.66 

9.52 

4.53 

0.99 

2.80 

5.76 

7.32 

20.10 

Brassica leaves 

mature young 

6.16 5.86 

2.10 2.01 

9.13 8.71 

5.35 5.12 

6.65 6.53 

5.42 5.19 

6.14 6.26 

5.55 7.03 

2.52 2.59 

6.51 

5.19 

4.20 

1.37 

5.61 

5.72 

10.49 

11.75 

6.29 

6.27 

3.90 

1.32 

5.31 

5.32 

10.51 

11.78 
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Amino acid composition of prepupal body 

The contr ibution of par t icu lar amino acids to the to ta l amount of amino 

acids accumulated in the prepupal body (table 14) displayed a coef f ic ient 

of var ia t ion smaller than 5% over the six experimental groups for the 

majori ty of amino acids in both species. In P. brassicae Cys and His 

contents were more variable (13% and 10% respect ively) . The coef f ic ient of 

var ia t ion of f ive amino acids was greater than 5% in P. rapae. These were 

Cys (20%), Pro (16%), Val (12%), Leu (9%) and Ser (8%). The differences in 

amino acid pattern between both species were smaller than 0.3% for th i r teen 

amino acids. For Met t h is difference was somewhat greater. P. brassicae had 

a comparatively low average Cys level and high Met l e v e l , while the oppo

s i te was true for P. rapae. Differences were greatest for Ala (0.35%) and 

Tyr (0.57%). 
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Table 14. Amino acid composition of prepupae of P. brassicae 
and P. rapae expressed as percentages of total amino acid content of 
prepupal bodies. Average values from groups reared on six d iets, 
except for Y(D) group of P^ rapae 

amino acid P. brassicae P. rapae 

5.08 

2.35 

6.81 

5.07 

6.11 

4.67 

7.82 

5.84 

3.45 

4.99 

4.59 

8.68 

1.38 

4.67 

5.01 

10.11 

13.38 

Essential 

Phe 

Met 

Leu 

He 

Val 

Thr 

Lys 

Arg 

His 

Non-essential 

Ala 

Pro 

Tyr 

Cys 

Gl y 

Ser 

Asx 

Glx 

5.20 

2.66 

7.06 

5.30 

6.36 

4.73 

7.66 

5.83 

3.39 

4.65 

4.39 

9.25 

1.17 

4.95 

4.70 

10.36 

12.43 
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DISCUSSION 

Dietary levels of amino acids and nitrogen and quant i tat ive food consump

t ion 

A s ign i f i cant increase in the amount of food ingested occurred when 

ca te rp i l la rs of both species were fed on mature leaves, which contained c. 

18.5% amino acids, as compared to younger leaves, having 25.5%. Food intake 

was d i s t i n c t l y lower on a r t i f i c i a l diets than on plant food and, in con

t r a s t , not influenced by a reduction of the protein content from 28% to 19% 

of dry matter. These observations point to the importance of the amino acid 

composition, which was c lear ly d i f fe rent (table 13) (McGinnis & Kastings, 

1972; Rock, 1972). 

Behavioural compensation in response to reduced nitrogen or protein 

levels has been documented for several phytophagous insects. Slansky & 

Feeny (1977) found that f i na l instar P. rapae ca te rp i l la rs consumed d i f 

ferent amounts of leaf material (ranging from 124 to 180 mg dry matter) on 

d i f fe ren t cu l t ivars of B. oleracea. They explained th is by differences in 

f o l i a r nitrogen leve ls , which varied between 1.5 and 3.1% for d i f fe ren t 

cu l t ivars reared under s imi lar conditions (c f . tables 4 and 6 ) . Employing 

f i ve levels of f i ve unusual protein or amino acid sources, Horie & Watanabe 

(1983) found d i f fe rent levels of food consumption by Bombyx mori , both 

between protein sources and between levels w i th in a par t icu lar source. On a 

20% casein d ie t , 1.29 times as much food was consumed as on a 25% casein 

d i e t . On a d iet containing 20% of an amino acid mixture, 1.14 times as 

much food was ingested than on the 25% l e v e l . Behavioural compensation was 

also found in Locusta migratoria that ate 1.48 times as much on an a r t i f i 

c ia l substrate containing 13.7% protein than on the same d ie t having 27.5% 

protein (Simpson & Abisgold, 1985). 

The absence of an e f fec t of a reduced protein content on the amount 

ingested by P. brassicae was unexpected. In preliminary experiments em

ploying four casein leve ls , s ign i f i cant e f fects on food consumption oc

curred. On a 17.5% casein d i e t , 363+19 mg dry matter was consumed, while on 

a 22.5% diet (comparable to the HC d ie t ) 305+23 mg were consumed, a d i f 

ference of a factor 1.20 (p < 0.001, Student's t - t e s t (n = 7 ) ) . Although 

there was a considerable time lag between the l a t t e r and the present ex-
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periments, preventing a d i rect comparison, i t i s unknown why the expected 

degree of compensation on the LC d iet in the present experiments did not 

occur. As d i f fe rent lo ts of casein were used, differences in casein qual i ty 

may have caused the discrepancy (Davis, 1972). 

Nitrogen and amino acid budgets 

Contrary to to ta l dry matter budgets, nitrogen budgets o f fer the pos

s i b i l i t y of checking the balance sheet. In theory, assuming that nitrogen 

cannot escape in a gaseous form from the d i f fe rent budget items ( food, 

insect, egesta), the difference C - F - G should equal zero and the ME for 

nitrogen should be 100%. From tables 3 and 4 i t appears that deviations 

from these theoret ical expectations occurred. In only few published reports 

the nitrogen balance is given in f u l l . In ecological ly oriented studies 

nitrogen u t i l i z a t i o n e f f ic iency i s often calculated as the amount of 

nitrogen accumulated in the insect body divided by the estimated amount of 

nitrogen consumed (Slansky & Feeny, 1977; Mattson, 1980; Grabstein & 

Scriber, 1982). Nitrogen balances for Bombyx mori (Horie & Watanabe, 

1983) showed inequa l i t ies , re f lected in ME values ranging from 88 - 110%. 

In Hel iothis zea deviations were even more serious (Cohen & Patana, 1984). 

Several sources of error in constructing nitrogen balance sheets are 

ident ical to those inherent in dry matter budget studies (Schmidt & Reese, 

1986), while an addit ional source of error is introduced in the chemical 

determination of n i t rogen. An explanation for an apparent overshoot of 

nitrogen may be that nitrogen could escape in a gaseous form by microbial 

a c t i v i t y in food or egesta. 

The physiological s ignif icance of absorption e f f ic iency of to ta l 

nitrogen or nitrogen derived protein amounts is l im i ted as i t disregards 

the fact that part of the apparent undigested nitrogen actual ly may have 

been absorbed and excreted afterwards. In part t h is can be overcome by 

measuring excretory end products of nitrogen catabolism l i ke u r ic acid 

(Bhattacharya & Waldbauer, 1972). The high nitrogen to protein ra t ios in 

faeces calculated in the present study indicate i nd i rec t l y that a con

siderable part of faecal nitrogen is not contained in amino acids. Uric 

acid excretion with faeces can display large var iat ion depending on the 

dietary source and concentration of protein (Horie & Watanabe, 1983). In P^ 
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brassicae to ta l u r ic acid excretion in faeces was c. 5 mg and faecal 

a l lan to ic acid excretion amounted upto 2 mg during the f ina l instar 

(Mauchamp & Lafont, 1975). The l a t t e r authors also found u r ic acid accumu

la t ion in the body amounting to 2 mg and they fur ther mentioned that these 

quant i t ies seemed to depend strongly on the host p lant . 

Balance sheets for amino acids y ie ld more ins ight in to the actual e f

f ic iency of absorption and u t i l i z a t i o n of t h is quant i ta t ive ly most im

portant group of nitrogen containing nu t r ients . Absorption e f f ic iency for 

to ta l amino acids was found to be higher than for n i t rogen, as expected on 

the basis of the foregoing considerations. I t i s also seen that consider

able quanti t ies of amino acids apparently are oxidized and that th is 

strongly depends on the amino acid content of the d iet (tables 5 and 6; f i g 

2 ) . I t can be estimated that in the HC-groups of both species amino acid 

oxidation represented c. 70% (P. brassicae) and 50% (P. rapae) of the to ta l 

dry matter of fuel oxidized. Comparable data on d i rec t l y determined amino 

acid or protein absorption e f f i c ienc ies for other insects are scarce. In 

larval Acheta domesticus overall AE for protein was 81% and ME was 80% 

(Woodring et a l . , 1979). The highest value of AE for protein reached in 

nymphs of Locusta migratoria was 70% and was correlated with the peak in 

net dry weight growth e f f ic iency (Simpson, 1982). The l a t t e r studies em

ployed nitrogen derived protein values that were corrected for faecal u r ic 

ac id. 

At t h is point i t must be noted that the balance sheet method applied in 

the present invest igat ion also has l im i t a t i ons . I t is real ized that the AE 

parameter only re f lec ts an apparent, overall or net e f f ic iency as in theory 

i t i s possible that amino acids have been absorbed and excreted again, 

while non-essential amino acids may have been subjected to interconversions 

in the meantime. The ME parameter l ikewise re f lec ts only overall values for 

the non-essential amino acids while i t re f lec ts true values for essential 

ones. The extent to which post-absorptive excretion of amino acids occurs 

e .g . by Malphigian tubules or midgut is largely unknown. I t would seem an 

i ne f f i c i en t but not impossible strategy that those amino acids showing a 

low AE value would have been p re ferent ia l l y excreted as they are the same 

that are synthesized. A simpler explanation i s that indeed t he i r absorption 

i t s e l f is for some reason poor. 
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Absorption of amino acids 

In lepidopterous larvae, amino acids are predominantly absorbed in the 

anter ior region of the midgut, while no evidence ex is ts for a role of the 

hindgut (reviews by Turunen, 1985; Dow, 1987). Transport of several amino 

acids from the gut lumen into the haemolymph is active and most probably 

carr ier mediated. The absorption of phenylalanine has been especial ly well 

studied in the model Bombyx mori (Sacchi et a l . , 1981; Giordana et a l . , 

1982). An energy requir ing cotransport with potassium occurred from gut 

lumen to haemolymph without accumulation in the gut epi thel ium. The energy 

required for the powerfull electrogenic potassium pump in lepidopterous 

midgut has been shown to be derived predominantly from amino acids, es

pecia l ly a lanine, glutamate and glutamine (Parenti et a l . , 1985). These 

data come from in v i t r o studies with a few amino acids. Data comparable to 

those presented in t h is study on the apparent in vivo e f f ic iency of ab

sorption of indiv idual amino acids from complex diets are lacking in the 

l i t e r a t u r e . 

Recently evidence has been obtained that absorption of amino acids may 

occur also in the form of oligopeptides (Turunen, 1985). Digestive break

down of larger protein molecules is accomplished especial ly by the protease 

t r yps in . Levels of t r y p t i c a c t i v i t y in the gut in response to a range of 

d ietary casein levels d i f fered between the polyphagous lepidopterans 

Spodoptera exigua and Hel iothis zea (Broadway & Duffey, 1986). 

Endopeptidases, leucineaminopeptidases and other proteases have been ob

tained from P. brassicae (references in Fe l twe l l , 1982). The observation 

that absorption e f f ic iency of most amino acids was lower on a natural than 

on an a r t i f i c i a l food may be explained by the absence of ce l lu la r 

structures in the a r t i f i c i a l d i e t , which conceivably protect at least part 

of the plant protein from digestion or absorption. Enzymatic digestion of 

food protein i s essential as only a r e la t i ve l y small quantity of amino 

acids i s present in free form in the d ie ts . The amount of free amino acids 

in B. oleracea is variable with plant age and may depend on the cu l t i var 

(Dodd & van Emden, 1979) but seems not to exceed 10% of the protein con

ten t . A d i f fe ren t explanation for the lower AE on plant material may be 

that i t contains chemical factors that reduce digestion or absorption. 
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Metabolie u t i l i z a t i o n of amino acids 

Amino acid metabolism has been studied in many insects with qua l i ta t ive 

methods to trace metabolic pathways (review by Chen, 1985). Especially the 

haemolymph pool of free amino acids has been studied quant i ta t ive ly and the 

haemolymph of lepidopterous larvae has been found to contain exceptional ly 

high levels (review by Mul l ins, 1985). From the data of Junnikkala (1969) 

on P. brassicae i t can be calculated that the haemolymph free amino acid 

pool i s c. 1.6 mg on B. oleracea and 1.35 mg on the a r t i f i c i a l d i e t . The 

f i ve most abundant amino acids were asparagine and glutamine (together 16 

mM, while aspartate and glutamate levels were neglegible), prol ine (14 mM), 

h is t id ine (llmM) and Y~an, in0~n~DUtyi"ic acid (9 mM), which together make up 

56% of the to ta l amount. These data refer to the wandering phase, assuming 

a haemolymph volume of 150 y 1 and are averaged for both sexes, which were 

found to be quite d i f fe rent in th is respect (Junnikala, 1969; 1976). The 

amount of amino acids contained in haemolymph proteins in P. brassicae 

seems much more important and can be calculated to be around 11 mg at i t s 

peak near the end of the f i f t h instar without s ign i f i can t differences 

between plant and a r t i f i c i a l diets (van der Geest, 1968; Chippendale & 

Ki lby, 1969). Apart from the haemolymph pool, l i t t l e i s known about the 

overal l u t i l i z a t i o n of amino acids (Chen, 1985). Indeed, t h i s requires a 

re l iab le estimate of food intake (McGinnis & Kastings, 1972), which i s 

rather d i f f i c u l t to obtain especial ly with l i v i n g food (van Loon, sub

mitted/chapter 4 ) . 

The inverse re lat ionship between amino acid content of the d ie t and 

t he i r overall metabolic u t i l i z a t i o n suggests a mechanism to operate that 

regulates oxidation of amino acids according to needs. While the overal l 

re la t ion i s not s t r i c t in P. brassicae caused by an out ly ing value for the 

Y-group, rank correlat ions were s ign i f i can t for several essential amino 

acids. I t i s noted also that with several amino acids low values for AE 

correlate with high values for ME. This i s evident for h is t id ine and fo r 

cysteine and glycine on the a r t i f i c i a l d i e t . The l a t t e r amino acids ap

parently are suboptimally absorbed from the a r t i f i c i a l d iet and seem to 

require net synthesis. I t i s remarkable that in both species the re la t ive 

u t i l i z a t i o n of glutamate and aspartate d i f fe rs considerably between the 

a r t i f i c i a l d ie t and the natural one. While absorption e f f ic iency was not or 

only s l i g h t l y a f fected, u t i l i z a t i o n in the Y(D) groups, especial ly that of 
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P. rapae was importantly reduced. In P. rapae t h i s poor u t i l i z a t i o n may 

have been the cause of poor growth, although the u l t imate cause, probably 

related to an i r revers ib le adaptation to the pattern of absorbed amino 

acids on the a r t i f i c i a l d ie t , is unknown. The difference in capabi l i ty to 

u t i l i z e the plant protein a f ter previous development on an unusual protein 

source was one of the few s t r i k i ng differences between both ca te rp i l l a r 

species. 

Metabolism of phenylalanine and tyrosine 

Tyrosine i s generally c lass i f ied as non-essential to insects, but i t s 

only metabolic precursor, phenylalanine is essent ia l . Tyrosine is known to 

accumulate in considerable amounts in both the haemolymph and fa t body of 

f i na l instars (Chen, 1985; Keeley, 1985). Only part of the storage is made 

up by free tyrosine. Important storage forms in several insect species are 

ß-glycosyl-0-tyrosine and ty ros ine-r ich proteins such as ca l l iphor in and 

manducin (Chen, 1985). In P. rapae ß-glycosyl-0-tyrosine has been demon

strated and i t has been suggested that the ty ros ine-r ich peptide in J\ 

brassicae postulated by Junnikkala (1976) i s in fact ß-g lucosyl-0-

tyrosine (Chen, 1985). Tyrosine levels in P. brassicae have been studied in 

somewhat more detai l and were found to display a cycl ical pattern wi th 

peak levels j us t pr ior to ecdysis (Junnikkala, 1969; 1976; Post & de Jong, 

1973). From the data of Junnikkala (1969; 1976) and those presented here i t 

appears that in the wandering phase a re la t ive important amount of tyrosine 

(c. 25%) i s c i rcu la t ing in the haemolymph in 3 - 4 mM concentrations as 

free tyrosine and 40 - 50 mM as ß-glucosyl-0-tyrosine. 

The balance sheet approach fol lowed in the present study yielded the 

s ign i f i cant f inding that an extensive net conversion of phenylalanine to 

tyrosine must have occurred. Also, where the apparent surplus amount of 

phenylalanine oxidized was calculated to be smal l , tyrosine content of the 

prepupal body was reduced. These results suggest that tyrosine may readi ly 

become a l i m i t i n g compound for growth (Gordon, 1972), cer ta in ly at s t i l l 

lower dietary levels of both aromatic amino acids than applied in the 

present invest igat ion. This is i l l u s t r a t ed by p lo t t i ng the amino acid 

pattern of the absorbed f rac t ion against the pattern of the accumulated 
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biomass (Gordon, 1972). Judged by the degree of deviation from the l ine y = 

x, on Brassica cystein and tyrosine are equally l i m i t i n g . The essential 

h is t id ine and lysine may also become l i m i t i n g ( f i g . 6 ) . For the a r t i f i c i a l 

d i e t , again cystein and tyrosine are po tent ia l l y l i m i t i n g followed by 

glycine and aspart ic acid/asparagine ( f i g . 7 ) . 

The general role of tyrosine as an important precursor of c ross- l ink ing 

compounds l i ke N-acetyl-dopamine in the cut ic le of insects is well estab

l ished by now (reviews by Brunet, 1980; Andersen, 1985). This implies that 

the t iming of sampling material for tyrosine analysis i s c r i t i c a l . When 

conversion of tyrosine to diphenolic derivat ives has s tar ted, actual 

tyrosine accumulation is underestimated. The degree to which phenylalanine 

was converted to tyrosine in t h is study warrants that such an under

estimation was un l ike ly . Indeed, ca terp i l la rs were sacr i f iced p r io r to 

shedding of the larval cut ic le and sc lerot izat ion of the pupal exoskeleton. 

Few studies on the quant i tat ive requirement for aromatic amino acids are 

known and none on the e f fects that suboptimal supply and accumulation may 

have on the qua l i ty and quanti ty of body protein or on performance para

meters such as reproduction. Bernays & Woodhead (1984) presented evidence 

that phenylalanine i s a l i m i t i n g nut r ient for the locust Schistocerca 

gregaria. Phenylalanine supplementation improved food to body conversion 

e f f i c iency and there was an ind icat ion that higher food intake occurred to 

compensate apparently i nsu f f i c ien t phenylalanine intake. Tyrosine, however, 

was not adequate as supplementary nut r ient for reasons unknown. Acquisi t ion 

of aromatic compounds during the larval stage may be considered more 

c r i t i c a l in Lepidoptera than in Orthoptera, as adults of the former group 

feed predominantly on nectar which probably contains r e la t i ve l y low levels 

of aromatic amino acids. 

The fact that phenylalanine supplementation did not reduce food intake 

i n both P ier is species may have several explanations. The content of amino 

acids to which phenylalanine was added was s t i l l rather high (20%) and thus 

may not have been l i m i t i n g . Also the way of supplementing was d i f f e ren t . In 

the case of Schistocerca phenylalanine was given discontinuously and separ

ate from the main food sources, while in t h i s study i t was mixed with the 

main food source. This may have given r ise to a saturation of the phenyl

alanine uptake mechanism (Giordana e t a l . , 1982). 
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Relations between amino acid absorption e f f ic iency and food consumption -

the i r possible signif icance in regulation of food intake. 

Inverse re lat ions between overal l dry matter food u t i l i z a t i o n parameters 

and food intake have been found in several insect - r>lant combinations 

(Slansky & Feeny, 1977; Scriber, 1984). Such s ta t i c re lat ions a poster ior i 

do not necessarily indicate a causal re la t ionship, as c lear ly the question 

of cause and consequence i s involved. Slansky & Feeny (1977) addressed t h i s 

question in a study on P̂  rapae. They proposed that ca terp i l la rs showed an 

increased food intake in response to a lower nitrogen content of the plant 

food. The higher rate of food intake tended to decrease the overall u t i l 

i za t ion of food. They conclude that the ca te rp i l la rs were compensating for 

a low nitrogen content of t he i r host plant so as to s tab i l i ze the rate of 

nitrogen accumulation. I t remains unexplained, however, why food con

sumption rate varied over a much greater range than the r e la t i ve l y narrow 

range in which a maximum level was already reached. This suggests that 

nitrogen as such is not a representative indicator of nu t r i t i ve l i m i t i n g 

factors. Nonetheless, d ietary nitrogen levels have been shown to influence 

food intake and growth of insects in many cases (reviews by McNeill & 

Southwood, 1978; Mattson, 1980; Scriber and Slansky, 1981). I t is general 

practice to assume a d i rect re la t ion between nitrogen level on the one hand 

and protein level on the other, using a conversion factor. Evidently, 

elementary nitrogen in i t s e l f i s not a nut r ient . Bernays & Woodhead (1984) 

concluded that to ta l protein concentration in plants derived from N-content 

i s not in a l l cases a re l iab le indicator of protein qual i ty . The question 

i f some nitrogen containing nutr ients and especial ly amino acids are more 

important than others in mediating the apparent e f fects on quant i tat ive 

food intake via a postulated nutr ient feedback mechanism has yet to be 

answered for phytophagous insects (Simpson & Abisgold, 1985). The inverse 

relat ionships between the absorption e f f ic iency of especial ly essential 

amino acids and tyrosine in both P ier is species, consistent over d iets that 

d i f f e r in many more factors than amino acid levels and composition on one 

hand,and to ta l dry matter food consumption on the other may be considered 

as ind i rec t evidence for the existence of such a mechanism and the role of 

amino acids therein. At t h i s level of actual nut r ients , the cause and 

consequence problem is in part resolved by the observation that r e la t ion 

ships were absent or even posi t ive (with serine and glycine in both 
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species) fo r a l l non-essential amino acids except tyrosine and pro l ine, 

ind icat ing that a higher rate of food intake does not automatical ly reduce 

absorption e f f i c iency . 

A related question at the ecological level i s what advantage a reduced 

food consumption rate has for i t to make a nu t r i t iona l regulation mechan

ism of value. From a te leological viewpoint, lower food consumption rates 

are considered advantageous (Slansky & Feeny, 1977). Also, i t would be of 

in terest to study the nu t r i t iona l and possibly endocrine mechanisms that 

control the decision to stop food intake at r e l a t i ve l y low levels of ac

cumulation of essential nut r ients , as occurred on an a r t i f i c i a l d ie t in the 

present s tudy. 

An experimental approach in which individual amino acids or mixtures in 

known amounts are fed d i rec t l y in to the haemolymph via canulation and the 

simultaneous study of concomitant e f fects on food intake behaviour w i l l be 

needed to prove causal re lat ionships. This study provides a basis to guide 

such experiments. 
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CHAPTER 6 

EFFECTS OF PHENOLIC ACIDS AND FLAVONOIDS ON LARVAL PERFORMANCE 

OF TWO PIERIS SPECIES 

ABSTRACT 

The phenolic acids caf feic and chlorogenic acid and the flavonoids 

quercetin-3-rut inoside and oenin (an anthocyanin) i nh ib i ted larval sur

v i v a l , growth and development when Pier is brassicae and P\_ rapae larvae 

were continuously exposed to these compounds presented in an a r t i f i c i a l 

d ie t at levels from 0.4 to 6.25 mM. Inh ib i t ion generally was stronger at 

higher concentrations. P. brassicae was d i s t i n c t l y more sensit ive at lower 

levels of these compounds than P. rapae. This was also ref lected in a much 

smaller degree of reduction of pupal weights and retardat ion of pupation in 

the l a t t e r species. Final instars of both species that had not previously 

been exposed to the compounds were not influenced by the lower concentra

t ions tested. In the f i na l instar P. rapae to lerated higher levels without 

showing ef fects on food consumption, absorption e f f ic iency and growth than 

P. brassicae. I t i s suggested that the i nh ib i t i on of growth found in f i na l 

instars i s caused pr imar i ly by a reduction of food intake and that t h is 

reduction in turn is caused by sensory mechanisms. Such mechanisms may 

operate also in ea r l i e r i ns tars . The potential role of phenolic acids and 

flavonoids that occur in a common host p lant , Brassica oleracea, as 

defensive compounds against ca terp i l la rs of both Pier is species is 

discussed. 
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INTRODUCTION 

Plants belonging to the Cruciferae family are known to contain gluco-

sinolates (Van Etten & Tookey, 1979). Representatives of t h is group of 

secondary plant compounds have been shown to serve a defensive function 

against phytophagous insects (Blau et a l . , 1978). The deterrent and tox ic 

actions of glucosinolates have received much less at tent ion than the i r 

a t t rac t ive and st imulat ing e f fects on those insects that are specialized 

feeders on Cruciferae l i ke ca terp i l la rs of the genus Pier is (Pieridae, 

Lepidoptera) (David & Gardiner, 1966; Schoonhoven, 1967; Rodman & Chew, 

1980). Such oligophagous insects have apparently overcome the glucosinolate 

biochemical barr ier that prevents acceptation and survival by most other 

insect herbivores, although the mechanism of neutral izat ion of gluco

sinolates has not been studied in detai l (Dowd et a l . , 1983). A l l nine 

glucosinolates investigated by David & Gardiner (1966) stimulated feeding 

behaviour of Pj_ brassicae over the concentration range tested. There seemed 

to be no e f fec t of var ia t ion in qua l i ty and quanti ty of glucosinolate 

patterns in w i ld and cul t ivated Cruciferae on the larval growth rate of P. 

rapae (Slansky & Feeny, 1977). These data decrease the l i ke l ihood that 

glucosinolates could play a s ign i f i can t role in the defense against P ier is 

ca te rp i l l a rs . Moreover, none of the atypical steroidal secondary compounds 

that occur in some non-cult ivated Cruciferae were tox ic to P. rapae larvae 

(Usher & Feeny, 1983). 

Apart from glucosinolates, the occurrence of phenolic acids and f lavo-

noids in Cruciferae and more speci f ic in the genus Brassica is well docu

mented (Hegnauer, 1973; Durkee & Harborne, 1973; Das & Rao, 1975; Classen & 

Nozzol i l lo , 1980). I t has been demonstrated that levels of both groups of 

compounds vary depending on cu l t i var and environmental conditions 

(Wildanger & Herrmann, 1973; Herrmann, 1975). The allelochemic e f fects of 

phenolic compounds in plants on phytophagous insects are less overt and 

often of a more quant i tat ive nature than the evident qua l i ta t ive e f fects 

l i ke acute deterrency or t o x i c i t y of glucosinolates. The nature of the 

e f fects of phenolic compounds seem to escape generalization (Schoonhoven, 

1972; Harborne, 1979; McClure, 1982). These circumstances may explain why 

few studies have been devoted to t h is subject. 

In a search fo r potential resistance mechanisms in cu l t ivated Brassica 

against P ie r i s , i t was considered of in terest therefore to examine the 
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effects on P. brassicae and P. rapae of some phenolic and f lavonoid com

pounds occurring in Brassica or close analogs of them. The ef fects of 

continuous exposure were studied by incorporating such compounds in to a 

semi-synthetic d iet and assessed using long term surv iva l , growth, pupal 

weights and f ina l instar food consumption and u t i l i z a t i o n as overall per

formance c r i t e r i a . 
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MATERIAL AND METHODS 

Insects 

Cultures of F\ rapae and P^ brassicae were maintained in the laboratory 

under circumstances described by David and Gardiner (1962) on Brassica 

oleracea var iety gemmifera DC. cu l t i var T i t u r e l . Eggs l a id w i th in 24 h time 

difference on plant material were col lected from these cultures as 

s ta r t ing material for experimental groups. Experiments were performed in a 

c l imat ic room at 25 + 1 °C, 60-70 % RH and 16 hours photoperiod. I l l um i 

nation was provided by overhead f luorescent s t r i p l i g h t s , y ie ld ing an i n 

tensi ty of c. 5 W/nr at the level on which the larvae were reared. 

Experimental diets 

The compounds tested were added to a semi-synthetic d iet described by 

Ma (1972), which d i f fered only in a few quant i tat ive respects from the d iet 

developed for P. brassicae by David & Gardiner (1966). Both species were 

reared on th is d i e t . The standard d iet incorporates the phenolic methyl-p-

hydroxybenzoate as a microbial i nh ib i t o r at a level of 184 mg per 100 g 

fresh weight of d i e t . Apart from th is compound, the d ie t was found to 

contain negl ig ible amounts of phenolic acids or f lavonoids, as these could 

not be detected by th in layer chromatography (van Loon & van Beek, chapter 

7 ) . 

Three phenolic acids and three flavonoids were examined. They were 

obtained from a commercial source (Sigma Co.) and were of high pur i ty (more 

than 99%): sinapic acid (4-hydroxy-3,5-methoxycinnamic ac id) , caf fe ic acid 

(3,4-dihydroxycinnamic ac id) , chlorogenic acid (3-(3,4-dihydroxy-

cinnamoyl )quinic ac id) , quercetin (3,3' ,4 ' ,5,7-pentahydroxyf lavone), ru t in 

(quercetin-3-rut inoside) and oenin (3-(g lucosyloxy)-4 ' ,5,7- t r ihydroxy-

3 ' ,5 ' -d imethoxyf lavyl ium-chlor ide). These compounds were admixed at 

d i f fe rent concentrations by so lub i l i z ing the c rys ta l l ine compounds in pure 

methanol (200 ul ) and dissolving th is concentrated solution in the vitamin 

mixture which was added immediately afterwards as the las t component during 

d iet preparation, below 50 ° C. The level of vitamin C, added as a pure 
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substance, i . a . serving an ant i -ox idat ive function to protect the phenolic 

compounds, is calculated to be 23 mM in the f reshly prepared d ie t . 

Dose e f fec t bioassays 

The ef fects of the six compounds on larval su rv iva l , growth, development 

and pupation in both species was investigated by placing groups of 25 

neonate larvae wi th in 6 h since hatching randomly on the control and 

treated d ie ts . The d iet was offered in glass petr i dishes (diameter 9 cm) 

in s l ices ( j \ brassicae) or as a layer of 3 or more mm th ick in the bottom 

half of the dish that was placed upside down (P. rapae). Four concentra

t ions were assayed for each compound (see resu l t s ) . For each combination of 

compound and concentration two or three repl icate groups were studied and 

th is setup was repeated at least once in t ime. Since results of the 

repeated series were s imi la r , data from only one series are given as 

average values over rep l icates. Survival and development were scored every 

48-60 h during the f i r s t 12 days of the experiment. From day 4 onwards, 

also the weight gain of the group was recorded. For the sake of data 

reduction, resul ts on su rv iva l , development and growth are presented for 

one discrete moment only, v i z . when about 50% of the control group had 

reached e i ther the penultimate ins tar (survival and growth) or the l as t 

larval ecdysis (development). Pupal weights were determined wi th in 12 h 

a f ter the occurrence of larval to pupal ecdysis. Pupation occurring l a te r 

than 40 days a f ter egg hatch was not fur ther recorded. 

Food consumption, absorption e f f ic iency and growth t r i a l s 

Newly ecdysed f i f t h instars subjected to experiments that had not pre

viously been in to contact wi th the compounds, had moulted w i th in less than 

four hours time difference and ranged from 100-120 mg (14 - 15 days ab ovo, 

P. brassicae) or 40-45 mg (13 - 14 days ab ovo, P. rapae) fresh body 

weights. They were placed ind iv idua l ly in p las t ic boxes (200 ml) and given 

ad l ib i tum access to the d ie t . Gravimetric estimation of food consumption 

and calculat ion of absorption e f f ic iency employed a measure of respiratory 
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expenditure. The rat ionale of th is procedure and the ef fects of phenolics 

are described in detai l elsewhere (van Loon, submitted/Chapter 4; Simpson, 

1982). The f i f t h instar t r i a l s lasted 96 h in both species. Caterp i l lars 

in control groups reached the prepupal stage in a l l cases wi th in t h i s 

period. When ca terp i l la rs were s t i l l feeding, they were deprived of food 

during a 4 h period in order to l e t the major part of gut-emptying proceed 

pr ior to sacr i f ice and determination of body dry weight. 
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RESULTS 

Dose-effect bioassays 

Survival 

Continuous exposure to sinapic and caffeic acids resulted into a minor 

reduction in survival rate with increasing d ietary concentrations in P. 

brassicae, a trend which was absent in P. rapae ( f i g . 1 and 2 ) . Chlorogenic 

acid severely reduced survival in P. brassicae, while the reduction was 

smaller in P. rapae. S imi la r ly , survival of P. rapae s tab i l ized at 85% of 

the control value in response to oenin in the range 1 - 6.25 mM while 

survival of P. brassicae f a l l s to c. 20% at the two highest concentrations 

tested. At the two lower concentrations, r u t i n caused the most pronounced 

decrease in survival in both species and quercetin in P. brassicae was 

s imi lar in t h is potency. Mor ta l i ty induced by r u t in occurred predominantly 

during the f i r s t larval ecdysis. 

o 
OL 

LL 
O 

> 
CE 
z> 
CO 

100 

50 
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Figure J_: 
Semi-logarithmic plot of the survival of P. brassicae larvae 
8-9 days after egg hatch relative to survival in control groups (no 
phenolics added) as a function of the dietary level of several 
phenolics or flavonoids. 
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Figure 2: 
Same as f i g . 1 , P. rapae. 

Growth during the ea r l i e r instars 

The presence of sinapic acid in the d ie t of P. brassicae resulted in to a 

small increase in weight gain a f ter 9 days of larval development, except 

for the 6.25 mM l e v e l . A l l other compounds, except for oenin in P. rapae, 

seriously inh ib i ted growth and the ranking order of t he i r e f f icacy in t h i s 

respect d i f fered l i t t l e from that found fo r the deleterious e f fects on 

survival ( f i g . 3 and 4 ) . As with surv iva l , both species c lear ly d i f f e r in 

t he i r sens i t i v i t y to oenin. In both species, r u t i n exerts the strongest 

i nh ib i to ry e f fects on growth of the f i r s t two ins tars . I nh ib i t ion of 

growth seems a more sensit ive parameter to assess ef fects of the compounds 

than surv iva l , i . e . ca terp i l la rs may survive but s t i l l suffer considerable 

growth i n h i b i t i o n . 
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Figure 3_: 
Semi-logarithmic plot of the weight gain of individual P. brassicae 
larvae 8-9 days after egg hatch relative to the weight gain of 
larvae in control groups as a function of the dietary level of 
different phenolics or flavonoids. 
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Figure 4: 
Same as f i g . 3, P. rapae. 
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Development t o l a t e f o u r t h and young f i f t h i n s t a r 

C a f f e i c and ch lo rogen ic ac id as we l l as r u t i n caused a r e t a r d a t i o n i n 

developmental speed a t the 0 .4 and 1.0 mM l e v e l s . Oenin exe r ted such an 

e f f e c t on ly i n P. b rass i cae . Th is appears from f i g . 5 and 6 , i n which the 

c o n t r i b u t i o n o f penu l t imate and f i n a l i n s t a r s t o the l a r v a l popu la t i on sur

v i v i n g t o a p a r t i c u l a r advanced stage has been d e p i c t e d . A reduced p ropor 

t i o n o f f i n a l i n s t a r s i n several cases co inc ides w i t h an increased p ropor 

t i o n o f penu l t imate i n s t a r s . 
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i . i . i , i . i i . 

Figure j>: 
Frequency of occurrence of penultimate and f inal instars relative to 
the total number of surviving caterpil lars in control groups and 
groups exposed to two dietary levels of phenolics or flavonoids in 
P. brassicae 11-13 days after egg hatch. Figures between brackets 
are the summed percentages of f inal and penultimate instars. 
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Pupal weights 

Chlorogenic acid affected pupal weight negatively, and desynchronized 

and postponed the moment of pupation at the 0.4 mM level in J \ brassicae 

(table 1 ) . Oenin had a comparable e f fec t at the 1 mM l e v e l . Sinapic acid did 

not influence the l a t t e r parameters in P. brassicae. In P. rapae sinapic 

acid led to an increase in pupal weight at 1.0 mM (table 2 ) . Pupal weights 

in the l a t t e r species were not affected by chlorogenic acid at any of the 

four levels tested, while ef fects with oenin and ru t in occurred only at 

levels higher than those su f f i c ien t to cause reduction in P. brassicae. 

Retardation of pupation also occurred in P. rapae as a resul t of exposure 

to the respective compounds but was less pronounced. Pupal weights in the 

treated groups (table 2) were obtained from ca terp i l la rs which showed a 

developmental speed considerably greater than the average of the treated 

group and pupated in most cases wi th in two days a f ter pupation in the 

control group had occurred. 
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Table 1 . Pupal weights of P. brassicae (mg f resh weight) and 
durat ion of l a rva l development from egg hatch to pupation (days) as 
a r e s u l t of development ab ovo on d ie ts containing phenolic acids or 
f lavonoids at the level (mM) ind icated 

compound pupal weight durat ion 

s inap ic acid 

chlorogenic 
ac id 

control 

0.4 

1.0 

2.5 

6.25 

c 

0.4 

1.0 

2.5 

6.25 

343 + 

348 + 

347 + 

349 + 

359 + 

372 + 

336 + 

310 + 

237 + 

28 

22 

36 

19 

23 

21 

23 

18 

29 

a 

a 

a 

a 

a 

a 

b 

b 

c 

9 

9 

11 

9 

9 

6 

8 

11 

6 

19 

19 

19 

19 

19 

16 

19 

21-23 

27-33 

213 + 9 c 33-40 

oemn c 

0.4 

1.0 

2.5 

356 + 21 a 10 17 

349 + 32 a 20 17-21 

306 + 17 b 9 21-22 

272 + 53 b 4 25-35 

Means + SD. Weights re fe r to f resh weight recorded w i th in 12 h a f t e r 
l a rva l -pupa l ecdysis. Means i n a column r e f e r r i n g to a pa r t i cu la r 
compound d i f f e r s i g n i f i c a n t l y when fol lowed by a d i f f e ren t l e t t e r (p 
< 0 . 0 1 , Student 's t - t e s t ) 
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Table 2 . P. rapae pupal weights (mg fresh weight) as a r esu l t of 
development on d ie ts containing phenolic acids and f lavonoids a t 
the l eve ls (mM) indicated 

compound cone pupal weight n 

s inapic acid control 148 + 12 a 6 

0.4 163 + 22 ab 5 

1.0 176 + 21 b 5 

2.5 163 + 33 ab 4 

6.25 163 + 20 ab 8 

chlorogenic control 157 + 29 a 6 
acid 

0.4 164 + 40 a 5 

1.0 167 + 6 a 3 

2.5 153 + 13 a 5 

6.25 165 + 25 a 5 

oenin control 152 + 18 a 5 

0.4 160 + 26 a* 5 

1.0 169 + 5 a 5 

2.5 156 + 17 a 5 

6.25 92 + 25 c 5 

r u t in control 173 + 18 a 14 

0.4 190 +10 a 3 

1.0 133 + 50 b 7 

Means + SD. Legends see table 1 , except p < 0.025. 
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Food consumption, utilization and growth in the final instar 

Caterpillars of P. brassicae in their final instar exposed without prior 

experience to chlorogenic acid or rutin showed reduced food consumption and 

growth at the 1.0 mM concentration (tables 3, 4 and 5 ) . This reduction was 

more severe at both higher levels examined. With oenin such effects became 

apparent from the 2.5 mM concentration onward. The extent of feeding and 

growth inhibition was substantial. At the 2.5 mM level, ingestion was 45% 

Table 3 . Food consumption (C) , body growth (G) and absorption 
e f f i c i e n c y (AE) fo r P. brassicae f i n a l i ns ta rs feeding on d ie ts 
conta in ing increasing -Tevels (mM) of chlorogenic ac id . C and G in mg 
dry mat ter , AE i n % 

d i e t cone C G AE 

control 305 + 18 a 87 + 5 a 45.6 + 1.1 a 

chlorogenic 1.0 253 + 29 b 74 + 9 b 46.7 + 3.4 a 
ac id 

2.5 138 + 21 c 39 + 9 c 44.5 + 6.7 a 

6.25 138 + 16 c 39 + 5 c 44.8 + 1.8 a 

Means + SD (n = 10). Means i n a column fo l lowed by a d i f f e r e n t 
l e t t e r and w i t h no l e t t e r i n common are s i g n i f i c a n t l y d i f f e r e n t 
(Student 's t - t e s t , p < 0 .01) . Durat ion of experiment 96 h 
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Table 4 . Food consumption (C) , body growth (G) and absorption 
e f f i c i e n c y (AE) f o r P. brassicae f i n a l i ns ta rs feeding on d ie ts 
conta in ing indicated~Tevel s (mM) of oenin. C and G i n mg dry mat ter , 
AE %. Results of two experiments performed w i th a 9 months i n te rva l 

d i e t cone C G AE 

exp. 1 

control 

oenin 

exp. 2 

control 

oenin 

0.17 

0.50 

1.5 

1.0 

2.5 

6.25 

336 

347 

336 

300 

350 

298 

252 

158 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

32 

17 

14 

20 

34 

19 

37 

41 

a 

a 

a 

b 

a 

b 

c 

d 

83 

84 

86 

77 

80 

82 

64 

41 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

8 a 

6 a 

4 a 

5 b 

8 a 

6 a 

18 b 

12 c 

39.5 

38.7 

40.8 

45.9 

39.0 

45.6 

44.6 

45.4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1.1 a 

1.8 a 

1.7 a 

4.1 b 

1.1 a 

5.2 b 

1.6 b 

4.3 b 

Means + SD (n = 8, exp. 1 ; n = 9, exp. 2 ) . S t a t i s t i c a l de ta i l s see 
tab le 3 

Table 5. Food consumption (C), body growth (G) and absorption 
e f f i c i e n c y (AE) fo r P. brassicae f i n a l i ns ta rs feeding on d ie ts 
conta in ing i nd i ca ted^eve l s (mM) of oen in . C and G mg dry weight, 
AE % 

d i e t cone C G AE 

control 

ruti n 0.4 

1.0 

2.5 

6.25 

399 + 47 a 

350 + 59 a 

216 + 74 b 

115 + 29 c 

108 t 17 c 

95 + 13 a 

95 + 14 a 

59 + 22 b 

27 + 9 c 

2 8 + 6 c 

39.8 + 5.9 a 

46.3 + 1.8 b 

46.6 + 2.3 b 

38.9 + 5.3 a 

43.8 + 2.6 ab 

Means + SD (n = 9 ) . S t a t i s t i c a l d e t a i l s see tab le 3 
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(chlorogenic acid), 72% (oem'n) and 29% ( rut in) of the value found fo r the 

control groups, while growth was reduced to 45% (chlorogenic acid), 80% 

(oenin) and 28% ( rut in) of control values. In contrast, absorption ef

f ic ienc ies were equal to or higher than those in the control groups. Thus, 

reduced ingestion was in some instances in part compensated for by i n 

creased absorption e f f ic iency. The most important cause of growth reduc

t i o n , however, turned out to be reduced food consumption. 

The sens i t i v i t y of P. rapae to chlorogenic acid was markedly d i f fe rent 

from that observed i n P. brassicae. Food consumption nor growth were re

duced in treated groups. At 6.25 mM absorption e f f i c iency was increased, 

coinciding wi th a somewhat lower ingestion rate (table 6). With r u t i n on 

the other hand, ingestion and growth were reduced, but to a lower extent 

than in P. brassicae. At 2.5 mM ingestion was 71% and growth 74% of control 

values. Absorption e f f ic iency was not s i gn i f i can t l y affected (table 7). 

With regard to oenin, i t was found that up to a concentration of 6.25 mM no 

s ign i f i cant e f fec t was found on any of the parameters measured. 

When ca terp i l la rs were confronted wi th chlorogenic acid or r u t i n at 1 

mM for the f i r s t time j us t a f ter the f i na l larval ecdysis, t h i s produced a 

minor growth i nh ib i t i on a f ter 96 h of feeding as compared to f i r s t instars 

exposed immediately a f te r hatching and of which the average individual 

weight gain was recorded a f ter 8-9 days ( f i g . 7). Caterp i l lars that 

succeeded to pupate, be i t w i th retardat ion, a f ter continuous exposure to 

both compounds showed a degree of growth i nh ib i t i on that resembled more 

that of the group treated only during the f ina l ins tar . 

Table 6. Food consumption (C) , body growth (G) and absorption e f f i -
ciency (AE) f o r P. 
i ncreas ing l eve ls 
AE i n % 

d i e t cone 

contro l 

chlorogenic 1 
ac id 

2.5 

6.25 

rap 
(mM) 

ae f i n a l i ns ta rs 
of chlorogenic 

C 

119 + 21 ab 

130 + 18 b 

120 + 9 ab 

109 + 19 a 

feeding on 
a c i d . C and 

G 

39 + 7 ab 

44 + 5 b 

40 + 3 ab 

38 + 6 a 

d ie ts contain ing 
G mg dry mat ter , 

AE 

50.6 + 2.0 a 

51.9 + 2.6 ab 

51.4 + 2.2 a 

54.5 + 3.0 b 

Means + SD (n = 10). S t a t i s t i c a l de ta i l s see tab le 3 
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Table 7. Food consumption (C), body growth (G) and absorpt ion e f f i 
ciency (AE) f o r P. rapae f i n a l i ns ta rs feeding on d ie ts conta in ing 
increas ing leve ls of r u t i n . C and G mg dry mat ter , AE % 

d i e t AE 

control 

rutin 1 

2.5 

6.25 

126 + 16 a 

109 + 15 ab 

90 + 21 bc 

76 + 20 c 

39 + 5 a 

34 + 5 ab 

29 + 8 bc 

25 + 6 c 

48.0 + 2.5 a 

48.8 + 2.4 a 

49.5 + 2.9 a 

50.4 + 2.0 a 

Means + SD (n = 10). S t a t i s t i c a l de ta i l s c f . t ab le 3 

FIG. 7 

A CHLOROGENIC ACID B RUTIN 

LARVA PUPA FINAL 
INSTAR 

96 h old 

Fi gure ]_: 
Percentual d i f ferences in growth r e l a t i v e to control groups as a 
r e su l t of t reatment w i th chlorogenic acid (A) or r u t i n (B) at 1.0 
mM. E f fec ts have been p lo t ted comparatively f o r three developmental 
stages exposed e i t h e r continuously dur ing development (L3-L4 larva 
and pupa) or f o r the f i r s t t ime at the s t a r t o f the f i n a l i n s ta r 
( f i n a l i n s t a r , 96 h o l d ) . Open bars P. brassicae, hatched bars j \ 
rapae. * : a t 0.4 mM. 
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DISCUSSION 

The present results indicate that phenolic acids and flavonoids can 

exert i nh ib i to ry ef fects on several performance parameters of both P ier is 

ca te rp i l la rs feeding on an a r t i f i c i a l d i e t . Though dose - e f fec t re la 

t ionships were not uniform in nature, e f fects were more severe at higher 

concentrations. A c lear-cut i n te rspec i f i c difference was found, P. rapae 

being much less sensit ive to these compounds as judged by several para

meters. Also, chronic exposure of f i r s t and subsequent instars results in to 

considerably stronger i nh ib i t i on of growth and development than exposure 

of f ina l i ns tars . Phenolic acids as well as f lavonoids have been shown to 

influence behaviour, development, growth and reproduction in several phyto

phagous insect species, belonging to d i f fe rent taxonomie orders (reviews by 

Schoonhoven, 1972; Harborne, 1979; Hsiao, 1985; Kogan, 1986). Inh ib i tory as 

well as st imulatory e f fects have been found. At the behavioural level 

spec i f ic f lavonoids may strongly stimulate food intake, as occurs in the 

silkworm, Bombyx mori (Hamamura et a l . , 1970). In chrysomelid beetles the 

response to d i f fe ren t f lavonoids can d i f f e r s t r i k i ng l y between related 

species (Matsuda, 1978; Nielsen, 1978; Larsen et a l . , 1982). Many cases 

are known in which f lavonoids or phenolic acids consti tute feeding deter

rents or exert post-ingestional e f fects which remained mostly undefined. 

On these grounds they have consequently been implicated to play a role in 

plant resistance (Todd et a l . , 1971; Reese & Beck, 1976a, b, c; Adams & 

Bernays, 1978; Jones & F i rn , 1979; Dreyer & Jones, 1981; Kogan, 1986). The 

bioassays employed to demonstrate i nh ib i to ry e f fects varied great ly . A r t i 

f i c i a l and natural substrates, often pa ra l l e l l i ng the respective absence 

and presence of adequate n u t r i t i o n , and choice vs. no-choice s i tuat ions 

have been used. Another crucial parameter c lear ly inf luencing results i s 

the tested concentration of the compounds. Also, the degree of feeding 

special izat ion d i f f e rs widely between the species invest igated. In some 

insect species a certain amount of phenols in the d ie t i s indispensable 

(Kato, 1978) or can be u t i l i zed as nutr ients especial ly for cut ic le 

synthesis (Bernays & Woodhead, 1982). These circumstances p roh ib i t compara

t ive and generalizing conclusions on the role of phenolic compounds as 

defensive compounds against phytophagous insects. Indeed, by now such 

generalizations may be considered i r re levant in view of the wide-spread 
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occurrence of phenolic acids and flavonoids in taxonomically unrelated 

plant famil ies and the variable e f fects on polyphagous and oligophagous 

insects (Isman & Duffey, 1982). 

The few examples of s t ruc tu re -ac t i v i t y studies with phenolic acids and 

flavonoids stress th is point . They reveal that the s t ructural character

i s t i c s of the molecules important for b iological a c t i v i t y d i f f e r for d i f 

ferent insect species, although ortho-dihydroxylat ion of the aromatic r ing 

(the B-ring of the f lavonoids) ranked among the most e f fect ive molecular 

character ist ics in the three species investigated (Todd et a l . , 1971; 

E l l i ge r e t a l . , 1980; Dreyer & Jones, 1981). The present results show that 

methylation of the hydroxy! group at the 3 -pos i t ion, together with the 

presence of a methoxygroup at the 5-posit ion (sinapic acid) leads to a lack 

of i nh ib i to ry a c t i v i t y . The quinic acid ester of caf fe ic acid (chlorogenic 

acid) i s more e f fect ive than the free acid. Comparing the e f fects of 

quercetin and r u t i n in P. brassicae, i t appears that the rutinose part i s 

not essential for a c t i v i t y . 

The types of b iological parameters measured to quantify e f fects of 

phenolic compounds, e .g . growth reduction, in most cases f a i l to reveal 

which b io logical processes in the insect are a f fected. The mechanism or 

mechanisms of action of phenolic and f lavonoid compounds have hardly been 

investigated and s t i l l remain obscure (E l l iger et a l . , 1980; Isman & 

Duffey, 1982; Isman & Duffey, 1983). The polyphagous Hel iothis zea reacts 

quite d i f f e ren t l y to the exposure to chlorogenic acid and ru t in from both 

Pier is species. At levels substant ia l ly higher than investigated in the 

present study (14 - 28 mM) both compounds did not a f fect growth, food 

consumption or absorption e f f ic iency when fed to f i f t h instars (Isman & 

Duffey, 1982). In the f i na l i ns ta r , growth i nh ib i t i on in P ier is can be 

explained by i nh ib i t i on of food intake. Although i t has been suggested that 

f lavonoids or phenolic acids may decrease absorption e f f ic iency by non

speci f ic inact ivat ion of digestive enzymes or by reducing the a v a i l a b i l i t y 

of d ietary p rote in , such a mechanism is un l ikely to play a role in P ier is 

as absorption e f f i c ienc ies were in some cases higher fo l lowing dietary 

exposure to the compounds. This increase in absorption e f f ic iency may in 

turn simply be a consequence of a reduced rate of food intake which leads 

to an increased retention time of food in the gut lumen. An overall measure 

of food absorption e f f ic iency as employed here i s , however, un l ike ly to 

r e f l ec t the possible occurrence of decreased or blocked a v a i l a b i l i t y of 
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speci f ic essential nutr ients such as thiamine or lysine as discussed by 

Isman & Duf fey (1982). An in teract ion with phenylalanine or tyrosine 

u t i l i z a t i o n i s a conceivable mechanism that has not been invest igated. 

I nh ib i t ion of feeding is assumed to be caused by two main physiological 

mechanisms i . e . a d i rect influence of chemosensory neural a c t i v i t y on food 

intake behaviour or post-ingestional feed-back e f fects e i ther n u t r i t i o n a l , 

induced by toxicosis or as a resul t of food aversion learning. Post-

ingestional feed-back may operate via neural , endocrine or combined path

ways (Dethier, 1980 a, b; Schoonhoven, 1982; Bernays & Simpson, 1982). In 

an electrophysiological study (van Loon, submitted/chapter 3) i t has been 

established that maxi l lary gustatory neurones in both P ier is species are 

sensit ive to several phenolic acids and anthocyanins and th is chemosensory 

a c t i v i t y was in ferred to have behavioural consequences in a r t i f i c i a l and 

natural contexts. The involvement of chemosensory a c t i v i t y as a mechanism 

contr ibut ing to the feeding i nh ib i t i on in the f i na l instars of both P ier is 

species i s fur ther supported by the present resu l ts . The chemosensory 

sens i t i v i t y pattern found fo r phenolic acids and anthocyanins matches the 

pattern of effectiveness on performance parameters in th is study. The 

re la t ive i nsens i t i v i t y of P. rapae on the chemosensory level is l ikewise 

ref lected in these parameters. The e f fects of r u t i n and quercetin, however, 

cannot be explained in t h is way. These compounds did not evoke chemosensory 

a c t i v i t y per se. This observation, however, s t i l l leaves open the involve

ment of sensory mechanisms, as several poss ib i l i t i es for e f fects on the 

sensory level that are less overt than spiking a c t i v i t y are known (Dethier, 

1980; 1982; Schoonhoven, 1982). Indeed, such a hidden sensory mode of 

action has been found for the anthocyanin cyanin, occurring in Brassica 

oleracea (van Loon, submitted/chapter 3 ) . 

Sensory e f fects have been examined in f ina l i ns tars . I t is unknown 

i f s imi lar mechanisms operate in ea r l i e r i ns tars , which suffer stronger i n 

h ib i to ry e f fec ts . I t is conceivable that the mode of action of the phenolic 

compounds changes during development (Isman & Duffey, 1982). A possible 

approach to investigate the importance of sensory mechanisms in ea r l i e r 

instars could be the electrophysiological study of individuals that suffer 

a r e la t i ve ly mild growth i nh ib i t i on during development. The foregoing 

reasoning predicts that such individuals display a r e la t i ve ly low chemo

sensory sens i t i v i t y to the compounds to which they have been exposed. 

A more detai led knowledge of the modes of action of phenolic compounds 
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i s desirable in view of the need fo r well-founded selection of both r e le 

vant and pract ical parameters of insect development to assess quant i tat ive 

ef fects resul t ing from continuous exposure to these defensive phyto-

chemicals. The action of these compounds on chemoreceptor ce l ls as found in 

P ier is and the resul t ing e f fects on feeding is one of the few examples 

available from the l i t e ra tu re to date and may thus well be speci f ic fo r 

these species. 

The present resul ts were reached using an a r t i f i c i a l d i e t . Such an 

approach allows manipulation and control of single chemical factors and 

the i r combinations to analyse t he i r possible role as al lelochemicals. In 

t h is connection i t would be of in terest to study mixtures of several com

pounds at lower levels than tested here as th is re f lec ts a more natural 

s i tuat ion (Adams & Bernays, 1978). To what extent such studies y ie ld 

results that are representative for the natural d ie t must be investigated 

separately. Relating to t h i s aspect, i t has been established that the 

u t i l i z a t i o n of aromatic amino acids, the main precursors in plant phenolic 

biosynthesis, were quant i ta t ive ly comparable for both diets (van Loon, 

submitted/chapter 5 ) . An important l i nk between studies employing a r t i 

f i c i a l and natural d ie ts , i . e . host p lants, i s knowledge of the range of 

concentrations that insects encounter when feeding on the p lant . Phyto-

chemical data on levels of phenolics in Brassica oleracea leaves of 

d i f fe rent var ie t ies indicate that the 0.4 mM concentration i s easi ly 

reached for individual compounds (Wildanger & Herrmann, 1973; Herrmann, 

1975). In th is study th is was the lowest level tested and yet was found to 

a f fect several larval performance parameters, especial ly so in P. 

brassicae. In conclusion, the present results point to a potential role of 

phenolic acids and f lavonoids as substances that confer resistance of B. 

oleracea against Pier is ca te rp i l l a rs . 
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CHAPTER 7 

LARVAL PERFORMANCE OF TWO PIERIS SPECIES ON BRASSICA OLERACEA L. 

CULTIVARS AS RELATED TO THE FOLIAR LEVELS OF PHENOLIC ACIDS AND 

FLAVONOID COMPOUNDS 

with T.A. van Beek 

ABSTRACT 

Surv ival , development and growth from egg to pupa and pupal weights were 

used as parameters to assess the performance of P ier is brassicae L. and P_. 

rapae L. ca terp i l la rs on seven cu l t ivars of a common host p lant , Brassica 

oleracea L. Final instar performance was determined using growth, food 

consumption and absorption e f f ic iency as indices. Four of the seven c u l t i 

vars have been reported to possess resistance to P. rapae. The concentra

t ions of the main aglycones of phenolic acids and f lavonoids were deter

mined in the leaves of f i ve of the cu l t ivars examined by high-performance 

l i qu i d chromatography (HPLC). 

In both ca te rp i l l a r species, s ign i f i can t differences in performance 

parameters were found between the cu l t ivars tested. Some differences in the 

a b i l i t y to deal with a l ternat ive hosts were found between both species. On 

a par t icu lar cu l t i va r , some performance parameters were negatively affected 

while others, determined in advanced developmental stages, were influenced 

pos i t i ve ly . This was interpreted as a resu l t of selection in the exper i 

mental group. These observations made the construction of an overal l 

ranking order of host plant s u i t a b i l i t y a rb i t ra ry . Reported resistance 

could not in a l l cases be confirmed. 

HPLC-determinations demonstrated that each of the cu l t ivars had i t s own 

quant i tat ive pattern of phenolic acids and f lavonoids. The f o l i a r levels 

found fo r some of the indiv idual compounds have been found to reduce larval 

performance in an a r t i f i c i a l context. Several unident i f ied components were 

apparent in the chromatograms. Based on UV-spectra and retent ion times, 
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these were most probably f lavonoid aglycones with a more polar character 

than quercetin. The concentrations of these components d i f fered consider

ably between cu l t i va rs . 

I t i s suggested that phenolics and f lavonoids in B. oleracea may be 

involved in defence against P ie r i s . Several factors that complicate i n te r 

pretations and that are inherent to studies on suspected allelochemics in 

p lants, are discussed. 
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INTRODUCTION 

Caterpi l lars of P ier is brassicae L. and P^ rapae L. (Lepidoptera, 

Pieridae) are notorious for t he i r capacity to i n f l i c t damage upon crops of 

Brassica oleracea L. (Radclif fe & Chapman, 1966; Fe l twe l l , 1982). Few 

studies, however, are known on the possible differences in host plant 

s u i t a b i l i t y between cul t ivated forms or var iet ies of B. oleracea to support 

larval survival and development. At present there seem to be no defined 

genetic sources of resistance available against both insect species. 

Resistance against P. rapae has been reported to ex is t in Savoy Chief ta in, 

a savoy cabbage (Benepal & Ha l l , 1967; Chalfant & B re t t , 1967) and in 

' g lossy ' , dark leaved derivatives of 'B l ightproof ' (PI 234599), a cau l i 

flower from Austral ia characterized by a mutant structure of cut icu lar wax 

crystals (Macey & Barber, 1970; Dickson & Eckenrode, 1975; 1980). However, 

resistance was tested in the f i e l d by assessing damage which was caused by 

more species than by FL rapae only. 

In previous studies i t was found that phenolic acids and flavonoids 

incorporated into a r t i f i c i a l diets i nh i b i t larval growth and development of 

both species and evoke sensory reactions in sensi l la crucial in regulat ing 

feeding behaviour (van Loon, submitted/chapters 3 S 6 ) . The dietary concen

t ra t ions at which these ef fects occur are i n the range of reported levels 

of ident ical or related compounds natura l ly occurring in B. oleracea 

(Herrmann, 1976; 1977). Thus i t seems in terest ing to investigate larval 

performance of both P ier is species on d i f fe rent cu l t ivars of B. oleracea, 

including the 'glossy' l i nes , and to analyse leaf t issues of these host 

species to test the hypothesis that phenolic metabolism of EL oleracea has 

a function in the defence against P ier is ca te rp i l l a rs . 
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MATERIAL AND METHODS 

Insects 

Continuous stock cultures of j \ brassicae and P_̂  rapae were maintained 

in the laboratory under circumstances specif ied by David & Gardiner (1962) 

on Brassica oleracea L. var iety gemmifera DC. cu l t i var T i t u r e l . The 

cultures were three years o ld at the onset of the f i r s t experiments re

ported here (exp. 1 , both species). Inbreeding in both species was in part 

a l lev ia ted by introduct ion of f i e l d col lected indiv iduals once a year. Eggs 

l a i d on cabbage leaves wi th in 16 h time difference were obtained from these 

cultures and made up the s ta r t ing material for experiments. Tests of larval 

performance were conducted in a c l imat ic room at 25 °C, 60-80% RH and 16 h 

photoperiod. I l luminat ion was provided by overhead f luorescent s t r i p l i g h t s , 

y ie ld ing an in tens i ty of c. 5 W/nr at the level on which the larvae were 

feeding. 

Plant material 

Seven d i f fe rent cu l t ivars or breeding l ines of Brassica oleracea L. were 

investigated in two experiments, performed in two successive years. In both 

experiments, B. oleracea L. var. gemmifera DC. (Brussels sprouts) cu l t i var 

T i ture l was used as a reference host on which many generations had been 

completed with both species without any signs of diseases or def ic iencies. 

The six a l ternat ive hosts a l l belonged to the ' cap i ta ta ' (L.) A le f . -taxon 

discerned w i th in B. oleracea. In exp. 1 , three a l ternat ive hosts were 

tested that belong to the var. alba DC. (white cabbage) ( ' cv ' indicates 

cu l t i va r , a l l commercial): cv Langendijker Vroege and the breeding l ines G-

8329 and G-10131 (G is an abbreviation of Geneva, see below). In exp. 2, 

the three a l ternat ive hosts investigated were: var. alba DC. cv Predena, 

var. sabauda L. cv Savoy Chieftain (a savoy cabbage) (abbreviated in the 

fo l lowing as 'Ch ie f ta in ' ) and var. rubra DC. cv Extase (a red cabbage). 

Seed material of the f i ve commercial cu l t ivars were k indly provided by 

Dutch seed growing companies and seeds of the G-breeding l ines were a g i f t 

of Prof. M.H. Dickson, New York State Agr icul tura l Experiment Station of 
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the Cornell Universi ty, Geneva, U.S.A. 

In exp. 1 , mature leaf material of T i ture l was taken from 80-100 days 

old plants grown in a greenhouse at 20 °C (day) - 15 °C (night) under day

l i g h t and addit ional a r t i f i c i a l l i g h t in a defined pot t ing s o i l . Leaf 

material of the three host plants tested in exp. 1 was taken from 80-100 

days old plants grown in an experimental f i e l d at the I ns t i tu te for 

Hor t icu l tura l Plant Breeding (IVT), Wageningen. I t was used immediately 

a f te r harvesting. Plant material of a l l four hosts in exp. 2 was grown in a 

greenhouse of the IVT under conditions s imi lar as described above for 

T i t u r e l . Leaf material of f ive of the above mentioned host plants analysed 

for t he i r contents of phenolic acids and flavonoids (see table 6) were 

grown in the f i e l d at the IVT un t i l 85-90 days of age. Mature leaves of 

intermediate age were harvested and extracted on the same day. 

Testing of larval performance 

Four parameters describing larval performance from egg to pupa were 

assessed. Survival and development were monitored every 48-60 h during the 

f i r s t 12 days a f ter egg hatch in both experiments. In exp. 2 also the 

weight of the group was registered and divided by the number of ca te rp i l 

lars in the group to y i e ld the mean individual weight at a par t icu lar 

moment. In order to achieve data reduction, results on su rv iva l , growth and 

development are given for one discrete moment only, chosen to be the time 

at which c. 50% had reached the middle or end of the penultimate i ns ta r . 

Pupal weight, taken w i th in 12 h a f ter pupation, constituted the fourth 

parameter. 

In exp. 1 , groups of 25 neonate larvae were confined in glass pet r i 

dishes (diameter 12 cm) on excised portions of leaf material of the re

spective cu l t i va rs . Freshly excised material was offered every 48 h, when 

leaf remains and frass were removed. There were four repl icate groups. In 

exp. 2, groups of 10 larvae were placed on in tac t excised leaves, the 

pet iole of which was inserted in to a f lask of tap water. Such an individual 

leaf with a group of larvae on i t was confined in a cy l indr ic clear p las t ic 

container (diameter 20 cm, height 25 cm) that was provided with a ven t i la 

t ion opening covered with nylon gauze. Freshly excised leaves were offered 

every 48-60 h. There were f ive repl icate groups for each cu l t i va r . 
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Growth and faeces production of f i na l instars were measured grav i -

metr ica l ly . Food consumption was estimated as the sum of growth, faeces 

production and an assumption on respiratory expenditure proportional to the 

amount of growth. These procedures and the calculat ion of absorption e f 

f ic iency are described in detai l elsewhere (van Loon, chapter 4; cf. also 

Simpson, 1982). Newly ecdysed f i f t h instars were used that had moulted 

wi th in less than 8 h time difference and ranged from 100-120 mg fresh body 

weights in l \ brassicae (14-15 days a f ter egg hatch) or 40-45 mg in P^ 

rapae (13-14 days a f ter egg hatch). Larvae of both species were confined 

ind iv idua l ly on the leaf material under test in the same circumstances as 

already described fo r the performance t r i a l s of both experiments. Duration 

of the d i f fe rent f i na l instar t r i a l s i s indicated in the results section. 

When ca terp i l la rs had not yet entered the prepupal stage, they were de

prived of food during a 4 h period a l lowing a substantial amount of gut-

emptying to occur p r ior to sacr i f ice by rapid freezing and subsequent 

determination of body dry weight. 

Phytochemistry 

Solvents. 

A l l solvents used were e i ther d i s t i l l e d pr ior to use or were of analyt ical 

(pro analysi) qua l i t y . For HPLC HPLC-quality solvents were used. 

Extract ion. 

A l l plantmaterials were extracted using three d i f fe rent methods: 

Method 1 (acid hydrolysis only, for determination of f lavonoid and furan 

aglycones) : 

140.0 ç leaves were cut in to small pieces and thrown piecemeal in 300 ml of 

bo i l ing d i s t i l l e d water. After approx. 10-15 min the solut ion was cooled 

and chopped for 5 min in a Waring blender. The solution was boiled for 

another 5 min and f i l t r a t e d over a Büchner funnel while s t i l l hot. The 
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plantmaterial was extracted two times more with 2x 200 ml of d i s t i l l e d 

water in the same manner. The f i l t r a t e s were combined and brought to a 

strength of 2N HCl with concentrated HCl. The solut ion was placed in a 

bo i l ing waterbath for 30 min with occasional shaking and with a ref lux 

condenser placed on top of the f lask . After cooling the solut ion was ex

tracted three times with respectively 300, 200 and 100 ml of EtOAc. The 

EtOAc f ract ions were pooled, dried over anhydrous N^SO^ and evaporated in 

vacuo. 

Method 2 (combined acid/basic hydrolysis for determination of hydroxycin-

namic acid aglycones): 

See method 1 un t i l the aqueous extracts have been combined. The pH of the 

combined extracts was brought to 7-8 and 2 g NaBH4 was added in small 

portions under s t i r r i n g . Then approx. 8 g of so l id Ba(0H)2 was added and 

the solut ion was boiled for 15 min under s t i r r i n g . After cooling the 

solut ion was neutralised with 10% H2SO4. Next ca 8 ml of concentrated H2SO4 

was added and the solut ion was boiled once again fo r 15 min. The hot 

solut ion was f i l t r a t e d over a Büchner funnel. The precipi tate was col lected 

and extracted again with 100 ml of d i s t i l l e d H2O, f i l t r a t e d and added to 

the f i r s t f i l t r a t e . After cooling i t was extracted 3x with 3x 250 ml EtOAc. 

The EtOAc f ract ions were co l lected, dried and evaporated in vacuo. 

Method 3 (glycosides): 

140.0 g of plantmaterial was cut in to small pieces and extracted with 600 

ml MeOH for 5 min in a Waring blender. The suspension was f i l t r a t e d over a 

Büchner funnel. The plantmaterial was extracted another time with 100 ml 

MeOH of 50 °C in the blender, f i l t r a t e d and combined with the f i r s t ex t rac t . 

The solution was evaporated. When not used a l l extracts were stored at 

-20 °C in the dark. 

Fract ionat ion. 

75.0% of each extract (method 1 , 2 or 3) was suspended in 50 ml H20 -MeOH-

36% HCl = 979-20-1 by means of u l t rasonic sound waves and heavy mechanical 

ag i ta t ion . This suspension was led over a small column of ca 10 g C18 

material for flashchromatography (Baker 7025-0). Subsequently i t was washed 

with the same volume of th is mixture as needed to prepare the column 
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(d iscard). Next the column was sucked dry by means of vacuum and then 

washed with 50 ml of hexane-EtOAc = 9-1 (d iscard), 50 ml EtOAc-hexane = 

7-3 ( f rac t ion 1 ) , 50 ml H20-MeOH-36% HCl = 500-500-1 ( f rac t ion 2) and 

f i n a l l y 50 ml MeOH-36% HCl = 999-1 ( f rac t ion 3 ) . Fraction 2 and 3 were 

l a te r combined. Fraction 1 , 2 and 3 of extract ion method 1 have been 

analysed for the presence of f lavonoids by means of TLC and HPLC. Fraction 

1 of extract ion method 2 has been analysed for the presence of hydroxycin-

namic acids by means of TLC and HPLC. 

Thin layer chromatography. 

For the separation of the compounds two d i f fe rent types of plates were 

used: 

T l : s i l i c a ge l , 0.2 or 0.25 mm thickness (Merck Kieselgel 60F254) 

T2: RP18, 0.25 mm thickness (Merck RP18 F254s, cat .nr . 15685). In combina

t ion with Tl plates the fo l lowing solvents were used: 

SI : Et0Ac-HC02H-H0Ac-H20=100-ll-ll-26 

S2: toluene-tBuMe0-H0Ac=30-30-l 

In combination with T2 plates the fol lowing solvent was used: 

S3: Me0H-H20-H0Ac=35-65-5 

After development in a saturated chamber, drying and viewing under UV 254 

and 366 nm the plates were sprayed with one of the following reagents: 

Dl: 1% g/v di phenyl boric acid ß-ethyl ami noester in MeOH followed by 

viewing under UV 366 nm 

D2: 0,5% g/v anisaldehyde in H0Ac-Me0H-H2S04=10-85-5 followed by heating 

with hot air 

D3: 1.73 g CuS04.5H20, 17.3 g Na-citrate and 10 g Na2C03 i n 100 ml H20 

followed by viewing under UV 366 nm. 

Column chromatography. 

This was carried out with a Merck Lobar column f i l l e d with Lichroprep 40-63 

pm. The solvent, toluene-tBuMeO-HOAc = 50-5-1 was pumped through the column 

with a low pressure pump. The pur i ty of the collected f ract ions was checked 
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with TLC. Pure f ract ions were pooled and evaporated in vacuo. Apart from 

several hydroxycinnamic acids two other compounds were isolated and 

i den t i f i ed as 2- furo ic acid and 5-hydroxymethyl-furfural. 

High-performance l i qu id chromatography (HPLC) 

The HPLC analysis was carried out with a Gil son gradient analyt ical system 

equipped with a Rheodyne 7125 in jec t ion valve (5 or 20 yl sample loop), a 

Gil son 116 variable wavelength UV detector and a Shimadzu CR 3A in tegrator . 

The column used for the analysis of the hydroxycinnamic acids and 2- furoic 

acid was a 20 cm x 4.6 mm stainless steel column packed with Spherisorb S10 

ODS 2 mater ia l . The column used for the analysis of the flavonoids was a 

Rainin Dynamax column (10 cm x 4.6 mm) f i l l e d with Microsorb C18 3 pm 

mater ia l . Before the main column a 1.5 cm x 4.6 mm guard column f i l l e d with 

the same material was i ns ta l l ed . 

The fo l lowing gradient was used for the analysis of the hydroxycinnamic 

acids and 2- furoic ac id: 

A: Me0H-H20-H0Ac = 15-84-1 

B: MeOH-HOAc = 99-1 

0-5 min: 0% B, 5-15 min: 0-17.9% B, 15-25 min: 17.9% B, 25-30 min 17.9-

22.18% B, 30-32 min: 22.18-0% B. Flow 1.0 ml/min. Detection wavelength: 

254 nm for 2- furoic ac id, 325 nm for hydroxycinnamic acids. 

The fo l lowing gradient was used for the analysis of quercetin and 

kaempferol : 

A: H20-HC02H = 95-5 

B: THF = 100 

0-10 min: 25-37.5% B, 10-17.5 min: 37.5% B, 17.5-18.5 min: 37.5-25% B. 

Flow 0.8 ml/min. Detection wavelength: 370 nm. 

Spectroscopic apparatus. 

UV spectra were recorded in MeOH. Ĥ-NMR spectra were recorded e i ther at 90 

MHz on a Varian EM 390 or at 300 MHz on a Bruker CXP 300. EI-MS (70 eV) and 

FD-MS were recorded on a MS902 equipped with a VG ZAB console. 
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Spectral data 2 - furo ic acid 

UV: max 244 nm. 

^-NMR (CDCI3): 6.55 (dd, J =1.5 and 3.5 Hz), 1H), 7.30 (d, J=3.5 Hz, 

1H), 7.63 (d, J=1.5 Hz, 1H), 9.33 (bs, 1H). 

MS m/z (rel. int.): 112 (M+, 100), 101 (9), 95 (55), 57 (7), 55 (5), 39 

(16), 38 (5). 

TLC: Rf = 0.25 in S2, ident ical with a reference (Merck). Colour with D2: 

1 i ght b lue. 

Spectral data 5-hydroxymethyl-furfural. 

UV: max 280 nm, shoulder 215 nm 

!H-NMR (CDC13-CD30D): 4.67 (s , 2H), 6.51 (d , J=3.5 Hz, 1H), 7.20 (d , 

J=3.5 Hz, 1H), 9.56 (s , 1H). 

MS m/z (rel. int.): 126 (M+, 84), 99 (6), 97 (100), 95 (14), 69 (29), 60 

(16), 45 (17), 43 (21), 41 (36). 

TCL = Rf = 0.20 in S2, ident ical with a reference (A ldr ich) . Colour with 

D2: green-blue. 

The other compounds were i den t i f i ed by the i r UV spectra, t he i r HPLC reten

t ion t imes, t he i r Rf-values and the i r speci f ic colours with spray reagents 

D l , D2 and D3. 

Modifications in the quant i tat ive analysis of the content of phenolic acids 

and flavonoids in B^ oleracea. 

After method 2 ex t ract ion, designed to determine hydroxycinnamic acids 

(Schmidtlein & Herrmann, 1975; see methods for de ta i l s ) , a pu r i f i ca t i on 

step was necessary p r ior to the f ina l HPLC-analysis. This was carried out 

by means of a RP18 column. Three steps were employed, v iz . adsorbing and 

subsequent washing with water-methanol-36% hydrochloric acid (979:20:1), a 

washing with hexane-ethyl acetate (9:1) fol lowed by selective e lu t ion 
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with an ethyl acetate-hexane mixture (7:3). The resul t was a highly pu r i 

f ied mixture of phenolic acids which could readi ly be analysed by HPLC 

( f i g . 1). The f lavonols quercetin and kaempferol were determined by means 

of HPLC a f ter acidic hydrolysis (method 1). The same pu r i f i ca t ion procedure 

as applied fo r the hydroxycinnamic acid f rac t ion was used. Determin

ation of f lavonoids without any sample pretreatment was not possible due to 

the presence of many i n te r fe r ing compounds. As flavonoids are somewhat more 

polar than hydroxycinnamic acids, part of the flavonoids remained on the 

column a f ter the e lu t ion wi th ethyl acetate-hexane (7:3) and were then 

eluted using 50% methanol in water. Both f ract ions were investigated by 

HPLC and the to ta l content of the flavonoids was found by summation of the 

two values. The t a i l i n g (asymmetry factor 5 to 6) which occurred when 

gradients of methanol or ace ton i t r i l and water wi th 1-5% acet ic or formic 

acid were used ( Wulf & Nagel, 1976; Vanhaelen & Vanhaelen-Fastre, 1980; 

Vande Casteele et a l . , 1982) was found to disappear when tetrahydrofuran 

was used as e lu t ion solvent. This s i gn i f i can t l y improved both the separ

at ion of kaempferol and isorhamnetin, which eluted in between quercetin and 

kaempferol, and the separation of other, non- ident i f ied compounds ( f i g . 2 ) . 
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RESULTS 

Performance on seven B. oleracea cu l t ivars from egg to pupa 

Survival of P. brassicae as examined 8 days since egg hatch and t ransfer 

to the cu l t ivars tested was only s l i gh t l y lower on the G-breeding l ines 

while both survival and growth during ea r l i e r instars were s i gn i f i can t l y 

lower on Chieftain and Extase ( table 1 ) . The G-breeding l ines caused a 

minor retardation of development but pupal weights a f ter completion of 

larval development were considerably higher. In contrast, both develop

mental rate and pupal weights were s i gn i f i can t l y reduced a f ter feeding on 

the three commercial var ie t ies tested in exp. 2. 

Table 1 . Performance parameters of P. brassicae fed on seven d i f f e r e n t 
oleracea c u l t i v a r s , measured at i nd ica ted moments since egg hatch 

c u l t i v a r surv iva l growth development pupal weight 

% day 8 mg day 7 % L4 day 8 mg n 

Exp. 1 

T i t u r e l 

Langendijker 

G-8329 

G-10131 

85* 

86 

74 

74 

98s 

95 

89 

88 

357+38 a 

420+20 b 

418+19 b 

428+29 b 

10 

10 

10 

4 

Exp. 2 

T i t u r e l 

Predena 

Ch ie f ta in 

Extase 

86+11 a 

78+25 a 

40+12 b 

25+17 b 

26+3 a 

25+7 a 

9+4 b 

16+9 b 

93+9T a 

45+21 b 

5+10 c 

53+36 b 

374+17 a 

313+22 b 

281+26 c 

_ 

11 

11 

8 

10 

eans i n a column fo l lowed by a d i f f e r e n t l e t t e r d i f f e r 
(Student 's t - t e s t , p < 0.05) Weights re fe r to f resh wei* 

ae. 4 : observations on rep l i ca tes in exp. 1 pooled (n = 
t : % f i n a l i ns ta rs a t day 10 since eqq hatch 

Means + SD. Mean 
s i g n i f i c a n t l y (S _ - , r .._.., ._ 
number of pupae. 4 : observations on rep l i ca tes in exp. 1 po 
not recorded, t : % f i n a l i ns ta rs a t day 10 since egg hatch 

ght . n: 
100). - : 
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P. rapae showed a higher mor ta l i ty on G-10131 (table 2 ) . Developmental 

speed was lower on both G-10131 and Langendijker. In contrast, G-10131 

supported higher pupal weights, while pupal weights on T i t u r e l , G-8329 and 

Langendijker were equal. The commercial var ie t ies on the other hand a l l led 

to reduced growth a f ter 9 days, retarded development and gave r ise to lower 

pupal weights. 

Table 2. Performance parameters of P. rapae fed on seven d i f f e r e n t B. o lerarea 
c u l t i v a r s , measured a t i nd ica ted moments since egg hatch. 

growth development pupal weight 

mg day 9 % L4 day 7 mg n 

77S 144+15 a 10 

31 141+22 a 7 

84 149+14 a 10 

48 166+16 b 10 

cu 1 t i va r 

Exp. l 

T i t u r e l 

Langendijker 

G-8329 

G-10131 

Exp. 2 

T i t u r e l 

Predena 

Ch ie f ta in 

Extase 

surv iva l 

% day 8 

84* 

80 

73 

65 

_t 

-

-
_ 

73+25 a 

31+6 b 

33+2 b 

36+9 b 

90+9 a 

17+21 c 

63+16 b 

25+10 c 

177+13 a 

163+19 b 

152+11 b 

165+12 b 

11 

10 

9 

10 

Means + SD. Deta i ls see tab le 1 . t : su rv iva l i n exp. 2 was not r e l i a b l y 
recorded due to unintended e f f ec t s of l ea f replacement on the adherence o f 
larvae to the l ea f 

Performance on seven B. oleracea cu l t ivars of f i na l instars 

Food consumption was reduced and absorption e f f ic iency increased by 

switching to a l ternat ive hosts in exp. 1 A ( table 3 ) . Growth was not 

affected s i gn i f i can t l y . When reared continuously on three a l ternat ive 

hosts, growth and absorption e f f ic iency were enhanced re la t ive to ca te rp i l 

lars reared on T i t u r e l . For both G-varieties ingestion and growth were 

higher re la t ive to the groups offered these hosts for the f i r s t time during 

the f ina l i ns ta r , while absorption e f f ic iency was not a f fected. The highest 

values fo r a l l three parameters were reached on G-8329. 
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Growth was s i m i l a r when f eed ing on the t h ree a l t e r n a t i v e hosts i n exp. 2 

( t a b l e 3 ) . In c on t r as t t o exp . 1 , food consumption was equal t o or h igher 

than on T i t u r e l . Food i n take was h ighes t on Predena, which a t the same t ime 

produced the l owest absorp t ion e f f i c i e n c y . 

O f f e r i n g f i n a l i n s t a r s o f P. rapae T i t u r e l i n s tead o f the host p rev ious 

l y exper ienced , Langend i j ke r , gave r i s e t o an increased food I nges t i on and 

Table 3. Food consumption (C) , body growth (G) and food absorption e f f i c i e n c y 
(AE) of P. brassicae f i n a l i ns ta rs tested on seven cu l t i va rs of B. oleracea 
a f t e r rear ing from egg hatch to f i n a l l a rva l ecdysis on the c u l t i v a r ind icated 

c u l t i v a r C G AE 

mg mg % n 

Exp. 1 A, reared on T i t u re l 

Titurel 386+26 a 55+5 a 24.0+2.0 a 6 

Langendijker 244+37 b 60+11 a 41.7+2.2 b 5 

G-8329 238+16 b 59+4 a 42.2+0.3 b 5 

G-10131 220+63 b 49+18 a 36.4+6.5 b 5 

Exp. 1 B, reared on the same cu l t i va r as tested on 

Langendijker 265+36 bÄ ns+ 65+9 b ns 41.8+1.6 c ns 9 

G-8329 295+16 b s 76+4 c s 43.6+1.3 c ns 6 

G-10131 282+16 b s 65+5 b s 39.2+1.8 b ns 7 

Exp. 2 , reared on T i t u re l 

T i t u r e l 356+29 a 78+5 a 35.1+0.7 a 10 

Predena 397+19 c 80+5 a 32.3+1.6 b 10 

Ch ie f ta in 378+28 b 78+5 a 33.1+1.0 a 10 

Extase 356+15 a 79+6 a 35.4+1.9 a 10 

Means + SD. Means i n a column fo l lowed by a d i f f e ren t l e t t e r are s i g n i f i c a n t l y 
d i f f e r e n t according to Student 's t - t e s t (p < 0 .05) . & : values i n the row 
tes ted against the value f o r T i t u re l i n exp. 1 A. t : tested fo r a s i g n i f i c a n t 
d i f fe rence wi th the value f o r the i den t i ca l c u l t i va r i n exp. 1A (ns: p > 0 .05; 
s : p < 0 .05) . Duration of experiments: 1 A and 1 B: 48 h, of exp. 2 : 72 h 



reduced absorption e f f i c iency , while growth was not inf luenced. In con

t r a s t , food intake, growth and absorption e f f i c iency a l l were reduced on G-

10131 (exp. 1 A, table 4 ) . Rearing P. rapae larvae continuously on G-8329 

l ikewise resulted in to reduced food consumption and growth as compared to 

continuous rearing on Langendijker, while absorption e f f i c iency was equal. 

Table 4. Food consumption (C), body growth (G) and food absorption eff iciency 
(AE) of P. rapae f inal instars tested on seven cultivars of B. oleracea 
subsequent to rearing from egg hatch to f inal larval ecdysis on the cult ivar 
indicated 

cult ivar C 

mg 

G 

mg 

AE 

ni n2 

Exp. 1 A, reared on Langendijker 

Langendijker 119+27 a 30+8 a 

Ti turel 181+46 b 28+7 a 

G-10131 71+30 c 17+8 b 

43.2+2.2 a 7 3 

26.1+2.1 b 4 -

40.9+1.5 c 4 1 

Exp 1 B, reared on the same cult ivar as tested on 

G-8329 80+30 bS 21+8 b 44.3+1.6 a 7 3 

G-10131 110+26 a s* 29+6 a s 44.5+2.2 a s 9 1 

Exp. 2, reared on Titurel 

Titurel 108+27 a 

Predena 104+46 a 

Chieftain 103+34 a 

Extase 97+47 a 

25+7 a 

20+10 a 

21+6 a 

19+10 a 

36.4+5.3 a 

27.6+9.7 b 

33.3+6.7 ab 

27.3+9.8 b 

10 

9 

10 

8 

-

1 

-

2 

Means + SD. Means in a column followed by a different le t ter and having no 
l e t te r in common are s ignif icant ly d i f ferent (Student's t - t es t , p < 0.05). S: 
values in the row tested against the value for Langendijker in exp. 1A. 
t : tested for a signif icant difference against the value for the identical 
cul t ivar in exp. 1A (s: p < 0.05). n l : number of caterpil lars on which 
tabulated values are based; n2: number of caterpil lars in the experimental 
group that showed poor growth (< 10 mg DW), not considered in calculations. 
Duration of experiments: 1 A and 1 B: 72 h; exp. 2: 90 h 
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Rearing from egg to f ina l larval ecdysis on G-10131 and tes t ing f i na l 

instar performance on th is host led to values equal to those obtained a f ter 

continuous rearing and tes t ing on Langendijker while considerably higher 

values were reached than a f ter a switch from Langendijker as the previous 

host. 

Growth and food consumption were not s i gn i f i can t l y d i f fe rent between 

T i ture l and the a l ternat ive hosts in exp. 2 (table 4 ) , although growth 

tended to be reduced. Food absorption e f f ic ienc ies a l l were lower and 

s i gn i f i can t l y so when feeding on Predena and Extase. 

Comparison of performance of both species 

A qua l i ta t ive overview of the performance of both species on the seven 

B. oleracea cu l t ivars examined as measured using seven parameters is pre

sented in table 5. I t i s seen tha t , with few exceptions, performance on the 

host plants in exp. 1 i s s imi lar for both species, except for the r e la t i ve 

l y poor performance of P^ rapae feeding on G-10131. Also for the hosts 

tested in exp. 2, the patterns for both species were s imi la r , minor d i f 

ferences being that P. brassicae seems to u t i l i z e Savoy Chieftain less well 

than P. rapae, while the reverse occurs for Predena. 

Contents of phenolic acids and f lavonoids in f i ve B. oleracea cu l t ivars 

Results of the HPLC-analyses of the concentrations of phenolic acids and 

f lavonoids are presented in table 6. I t is seen that each of the cu l t ivars 

has i t s own quant i tat ive pat tern, both for phenolic acids ( f i g . 1) and 

f lavonoids ( f i g . 2 ) . T i ture l contained high or intermediate levels of a l l 

compounds i den t i f i ed re la t ive to the other four cu l t i va rs . Extase displayed 

by far the lowest levels of a l l four phenolic acids and at the same time 

had the highest levels of both f lavonoids. Chieftain showed the highest 

concentration of p-coumaric acid. Predena had the highest levels of f e r u l i c 

and sinapic acids. G-8329 was r e la t i ve l y low in kaempferol and quercetin. 

Isorhamnetin turned out to be present in minor quant i t ies only. When e i ther 

the amounts of the four phenolic acids or those of both flavonoids are 

summed and the sums compared between the f ive cu l t i va rs , a wide range 

emerges, covering an order of magnitude in some cases. 
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Table 6. Contents o f phenol ic acids and f lavonoids as determined 
by HPLC analyses of l ea f ex t rac ts o f f i v e jL oleracea c u l t i v a r s . 
Concentrations expressed as mM 

c u l t i v a r compound 

T i t u r e l 0.08 0.57 0.55 0.55 0.19 0.13 

G-8329 0.11 0.42 0.66 0.55 0.01 0.03 

Predena 0.15 0.48 0.84 1.04 0.05 0.08 

Ch ie f ta in 0.34 0.41 0.52 0.52 0.06 0.09 

Extase 0.01 0.01 0.03 0.03 0.33 0.20 

Results of HPLC-analyses were o r i g i n a l l y expressed as mg/kg (ppm) 
f resh weight and reca lcu la ted to mM by d i v i d i n g t h i s value by the 
molecular weight of the respect ive substances, assuming one kg 
f resh weight of l ea f mater ia l has an approximate volume of one 
l i t e r . 

Apart from ca f fe ic - , p-coumaric-, f e r u l i c - and sinapic acids, only one 

other peak of importance could be distinguished in the HPLC chroma to gram s 

(method 2, f rac t ion 1; UV detection e i ther at 254, 300 or 325 nm). This 

compound was also present a f ter appl icat ion of acid hydrolysis (method 1) 

and could be isolated by means of column chromatography. I t was i den t i f i ed 

by means of UV, MS, H-NMR and TLC wi th a reference as 2- furo ic acid. In 

another f rac t ion of th is separation 5-hydroxymethyl-furfural could be 

i den t i f i ed . This compound could not be observed in the chromatogram of the 

pur i f ied hydroxycinnamic acid f rac t ion (method 2-hydrolysis) because i t s 

reduction product is probably not retained on RP18 material and causes no 

UV-absorption at 254 nm. 

In the or ig inal plant material both hydroxycinnamic acids and f lavonoids 

must be present as more polar esters or acetals as in methanolic extracts 

(method 3) of the various leaf samples no free hydroxycinnamic acids, 

furans or f lavonoid aglycones could be detected. 
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F i g . 2 A 

J 
Fi gure 2: 
Chromatograms of the separation of f lavonoid aglycons. 
A. T i t u r e l ; B. Savoy Ch ie f ta in ; C. Predena 
Peak codes: Q: quercet in ; K: kaempferol ; 1 - 5 : un iden t i f i ed f lavonoid 
substances. 
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A gradient system employing tetrahydrofuran was used (see methods) to 

improve the separation of several unknown compounds e lu t ing before 

quercetin ( f i g . 2). From the i r character is t ic UV spectra, which were re

corded on l ine and highly resembled those of quercetin, they are most 

l i k e l y other more polar f lavonoid aglycones. Their i den t i t y was not fur ther 

pursued. I t appeared, however, that the quant i t ies of these compounds 

d i f fered considerably between cu l t ivars ( f i g . 2). HPLC-analysis of the 

crude extracts a f ter hydrolysis (not shown) demonstrated that for several 

of these unident i f ied f lavonoid substances contents could d i f f e r factor 10 

between cu l t i va rs , when the integrated areas under peaks occurring at 

ident ical retention times were compared. G-8329 had only minor quanti t ies 

while Extase had the highest levels , fol lowed by Chief ta in, Predena and 

T i t u r e l . 

190 



DISCUSSION 

The present results demonstrate that larval performance of both P ier is 

species d i f f e rs on d i f fe ren t B. oleracea cu l t ivars and indicate that the two 

species d i f f e r in t he i r capacity to deal with a l ternat ive hosts. Comparable 

studies on host plant s u i t a b i l i t y of cul t ivated B. oleracea to both P ier is 

species as assessed by larval performance are not known from the l i t e r a t u r e . 

Several f i e l d studies have been devoted to l oca l i z ing sources of resistance 

to a complex of cabbage ca te rp i l l a rs , among which P. rapae (Pimente!, 1961; 

Radcli f fe & Chapman, 1966; Chalfant & B re t t , 1967), but results d i f fered 

considerably probably due to variable environmental factors. Dickson & 

Eckenrode (1975) suggested that an an t i b i o t i c factor was responsible fo r low 

feeding damage by P. rapae to G-8329 in f i e l d t es ts . However, t h i s suggestion 

has not been experimentally substantiated since then. To date, the only 

documented resistance in B. oleracea that appeared to be of an an t i b i o t i c 

nature was published by Lin et a l . (1983) for P lu te l la xy los te l la L. 

Resistance of glossy l i nes , l i ke G-8329 or G-10131, derived from the 

B. oleracea var. bo t ry t is accession PI 234599 (Dickson & Eckenrode, 1975; 

1980) have been tested only in f i e l d s i tuat ions. Such results do not allow 

conclusions on the mechanism of resistance. An environmental factor seems 

important for the expression of resistance as in laboratory and greenhouse 

studies, the f i e l d results could not be repro-duced (Dickson & Eckenrode, 

1975). In the present study, survival was somewhat reduced on both G-

breeding l ines using f i e l d grown leaf mater ia l . Pupal weights and f i na l 

instar performance was not a f fected. More detai led studies on survival of 

f i r s t and second instars of both P ier is species and Mamestra brassicae L. on 

in tac t f i e l d grown plants showed no signs of an t i b i o t i c resistance in both G-

l ines in contrast to the results of Lin et a l . (1983) with P lu te l la 

xy los te l la (van Loon, unpublished resu l t s ) . In f i e l d experiments, resistance 

as assessed by larval survival a f ter a r t i f i c i a l i n fes ta t ion , appeared present 

in one season but was absent the next season (de Ponti & Steenhuis, 

unpublished resu l t s ) . 

I t was surprising to f ind that larval performance was negatively i n 

fluenced by a l l three a l ternat ive hosts in exp. 2. Poor performance on the 

anthocyanin accumulating red cabbages and Savoy Chieftain has been documented 

for P. rapae (Benepal & Ha l l , 1967; Dickson & Eckenrode, 1975). In Savoy 
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Chief ta in , resistance was accompanied by extremely low amounts of free 

phenylalanine and tyrosine and a r e l a t i ve l y high level of p ipecol ic acid 

(Benepal & Ha l l , 1967). This was interpreted by us as indicat ions for the 

involvement of phenolic metabolism, in which phenylalanine and tyrosine are 

primary precursors. In t h i s study, Savoy Chieftain was found to contain 

r e la t i ve l y high amounts of several phenolic acids and of both i den t i f i ed and 

unident i f ied f lavonoids. 

In a separate study (van Loon, submitted/chapter 6 ) , the incorporation 

in to a synthetic d iet of caf fe ic acid and i t s qui nie acid ester and of 

quercetin and quercetin-3-rut inoside at 0.4 mM and 1.0 mM levels resulted 

in to negative e f fects on larval performance of both species, thus showing the 

potent ial of these compounds in the defence against Pier is species. From the 

present study i t appears that the 0.4 mM and 1.0 mM concentrations applied in 

the a r t i f i c i a l d ie t experiments correspond to natural levels in cu l t ivated 

forms of B^ oleracea {table 6 ) . 

Several complications hamper a comparison of the present resu l ts , obtained 

from insects fed plant mater ia l , with the resul ts of experiments using a r t i 

f i c i a l d ie ts . In the l a t t e r type of experiments, only one compound was tested 

at increasing leve ls . The e f fects of the simultaneous presence of a l l four 

phenolic acids and both main f lavonoid aglycones are unknown. There may be 

add i t ive, synergist ic or even mutually i nh ib i to ry interact ions when they 

occur together. Another important consideration is that the phytochemical 

analyses as presented here r e f l ec t only to ta l amounts of aglycones, while in 

the plant t issue phenolic acids and flavonoids predominantly occur as 

glycosides, esters or other bound forms (Harborne, 1979; Brandi & Herrmann, 

1983; Winter & Herrmann, 1986). Although both aglycones and glycosides were 

e f fect ive in the d ie t studies, i t i s conceivable that the natura l ly occurring 

glycosidic form is relevant for i t s i nh ib i to ry b iological a c t i v i t y . This 

problem of structure - a c t i v i t y relat ionships i s d i f f i c u l t to investigate as 

many d i f fe rent g lycosidic forms of f lavonoids are known to occur simulta

neously in one plant species (Harborne, 1979). Furthermore, a quant i ta t ive ly 

important group of f lavonoids wi th in B^ oleracea, v i z . anthocyanins was not 

examined in the present study. At least e ight d i f fe ren t glycosides of the 

main anthocyanidin in EK oleracae, cyanidin, have been detected in a cu l t i var 

of red cabbage (Hrazdina et a l . , 1977). 

The possible involvement of s t i l l other variables requires due care-

ful lness in drawing conclusions on the signif icance of phenolic substances in 
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inf luencing larval performance on host plants. One such variable i s the 

unknown degree of inbreeding and selection that has occurred in the labora

tory colony from which the experimental insects were obtained. In between 

introductions of indiv iduals caught from the w i l d , a certain degree of 

selection on vigorous performance on the host used to maintain the colony 

(cv. T i tu re l ) w i l l have occurred. This cu l t i var contains comparatively high 

levels of the phenolics analysed. However, t r i a l s with insects from a labora

tory colony imported from Geneva, N.Y. (a g i f t from Dr. A.M. Shelton, Geneva 

Experimental Station) produced very s im i la r resul ts on the hosts tested in 

exp. 1 (van Loon, unpublished data). Other variables that may be of influence 

are rearing circumstances and physiological age of the host plants. B^ 

oleracea plants grown in a greenhouse are known to contain lower amounts of 

phenolic acids and flavonoids than f i e l d grown plants and mature leaves 

contain higher amounts than younger ones (Herrmann, 1976). Levels of phenolic 

compounds have also been found to increase in some cases as a reaction to 

insect feeding damage (Ryan, 1983). I t i s unknown i f t h i s occurs in EL 

oleracea too. Interest ing in t h is respect is the observation that an import

ant amount of the phenolic acid pool in the cu l t ivars i s present as sinapic 

acid. This compound causes no i nh ib i t i on . A conceivable mechanism, that can 

be induced, would be enzymatic change of methoxy-groups to hydroxy-functions 

which w i l l resul t in to higher b iological a c t i v i t y as predicted on the basis 

of the present resul ts . Generally, concentrations found in the present study 

are w i th in the range of published values for var iet ies and cu l t ivars of B̂  

oleracea, which range in i t s e l f i s quite wide (Wildanger & Herrmann, 1973; 

Schmidtlein S Herrmann, 1975; Hanefeld & Herrmann, 1976; Herrmann, 1976; 

1977; Brandi & Herrmann, 1983). 

I t is tempting to speculate on the possible role of phenolic acids or 

f lavonoids in determining host plant s u i t a b i l i t y of B. oleracea to P ier is 

ca te rp i l l a rs . On the basis of the present resu l ts , however, no de f in i te 

conclusions can be drawn. In the foregoing, considerations have been d is 

cussed that complicate the matching of the pattern of d i f f e ren t ia l larval 

performance on the one hand and the quant i tat ive pattern of phenolic acids 

and flavonoids on the other. Bioassays of pur i f ied f rac t ions, enriched in the 

l a t t e r compounds, and incorporation in to a r t i f i c i a l d iets would be useful to 

fur ther substantiate the i r suggested defensive signif icance that may con t r i 

bute to resistance of B. oleracea cu l t ivars to Pier is ca te rp i l la rs . 
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CHAPTER 8 

GENERAL DISCUSSION 

In the present study, a t tent ion was focussed on sensory and nu t r i t iona l 

aspects of the relat ionships between two species of P ier is ca terp i l la rs and 

a host p lant , Brassica oleracea. The speci f ic role that glucosinolates play 

in th is re lat ionship has been well investigated and i t can be concluded 

that they do not consti tute a defensive barr ier against exp lo i ta t ion by 

P ie r i s , while they are c lear ly tox ic to other insect species. In contrast, 

the possible allelochemic signif icance of phenolic acids and f lavonoids 

occurring in Brassica and other cruciferous plants has hardly been ex

amined, while the red cabbages c lear ly indicate the quant i tat ive potential 

of f lavonoid synthesis in Brassica. One reason why glucosinolates have 

received much at tent ion is the fact that t he i r t o x i c i t y to non-adapted 

insect species i s evident and seems an almost qua l i ta t ive barr ier against 

exp lo i ta t ion . The study of quant i tat ive ef fects of phytochemicals, r e l 

evant in the case of phenolic acids and f lavonoids, became possible only 

a f ter i den t i f i ed and pur i f ied compounds became readi ly avai lable. Phenyl-

propanoid-based defence is considered in terest ing for several reasons. 

F i r s t l y , the synthesis of phenolics and flavonoids in plants is closely 

l inked to the metabolism of phenylalanine (Camm & Towers, 1973; Hanson & 

Havir, 1979). Only recently evidence was found that th is aromatic amino 

acid is a l i m i t i n g nutr ient for insects due to i t s essential function in 

cross- l inking of the cut ic le (Bernays & Woodhead, 1984; Andersen, 1985). 

Secondly, the t o x i c i t y of phenolic compounds to humans and cat t le seems 

much lower than that of glucosinolates (Singleton & Kratzer, 1973; VanEtten 

& Tookey, 1979), which is a requirement when they are to be considered 

relevant resistance factors that can be selected for in plant breeding 

programmes. 

Sensory data described in the present study suggested that most of the 

essential amino acids stimulate an amino acid receptor cel l in both 

species. Nutr i t ional analyses revealed a re lat ionship between the absorp

t ion e f f ic iency of essential amino acids and longer-term food intake. Of 

the non-essential amino acids only tyrosine showed such a re lat ionship in 

both species. At the sensory l e ve l , differences in amino acid sens i t i v i t y 

between both species were apparent, while nu t r i t iona l u t i l i z a t i o n of amino 
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acids was remarkably s imi lar . 

Af ter i t had been established that the basic nu t r i t iona l requirements of 

insects resembled those of mammals to a high extent (Dadd, 1985), physiol 

ogical research into insect nu t r i t i on has not been extensive (Slansky, 

1982). Waldbauer (1968) made an important contr ibut ion by an attempt to 

standardize measuring methods and parameters of insect quant i tat ive n u t r i 

t i o n . Since then, over 500 papers have appeared that studied food u t i l i z a 

t ion against the background of nu t r i t iona l ecology (Scriber & Slansky, 

1981). However, in the present study the use of gravimetric techniques to 

measure food intake, based on a decrease in food weight, was found to be 

methodologically inadequate (Chapter 4 ) . The high degree of var ia t ion in 

metabolic e f f ic iency as a resul t of d ietary conditions that is found in 

many papers in t h is f i e l d are most probably be due to measuring errors 

rather than re f lec t ing a physiological r e a l i t y . The continuous respiro-

metry that y ielded t h i s ins ight may be considered a fundamental improvement 

in the methodology of constructing insect matter and energy budgets, and 

consequently to the f i e l d of quant i tat ive insect n u t r i t i o n . The balance 

sheet approach employed in the subsequent chapters re ly on the values for 

the metabolic e f f i c iency that were obtained in the respirometric exper i 

ments. This practice is subject to c r i t i c i sm, as diets and other experimen

ta l conditions were not i den t i ca l . However, the maximum degree of var ia t ion 

in energetic e f f ic iency of growth found by using respirometry (coef f ic ient 

of var ia t ion c. 20%) was calculated to a f fec t the estimation of food intake 

to a minor extent. To my opinion, subtle differences in food consumption 

and u t i l i z a t i o n e f f i c ienc ies can only then be r e l i ab l y measured when res

pirometric or calor imetr ic techniques are used on insects that s t i l l can 

perform the i r normal behaviour in the experimental s i t ua t ion . Due at tent ion 

should also be paid to the physiological condition of the food source, 

especial ly in the case of l i v i n g leaf t issues that have hardly i f ever been 

studied in a condition representative for the natural s tate, e .g . capable 

of photosynthesis. 

A balance sheet based on the foregoing argument that was applied to 

quant i tat ive amino acid nu t r i t i on revealed tha t , during feeding on diets 

of low protein content, in both species tyrosine is l i ab le to become a 

l i m i t i n g nutr ient (Chapter 5 ) . This resembles the s i tuat ion in another 

insect , Schistocerca gregaria (Bernays & Woodhead, 1984). The sug

gestion that the requirement for aromatics would be higher for hemi-
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metabolous than for holometabolous insects (Bernays, 1987) disregards the 

fact t ha t , at least in the case of b u t t e r f l i e s , a large cut icular invest

ment is directed to the pupal exoskeleton. 

As with amino acids, a correspondence between sensory data and post-

ingestive parameters was also present with phenolic acids and anthocyanins 

(Chapter 6 ) . Food u t i l i z a t i o n experiments demonstrated that growth reduc

t ion in f i na l instars was pr imar i ly due to reduction in food intake. The 

chemosensory e f fects that were recorded are most probably responsible fo r 

at least part of th is reduction. Such a re la t ion between sensory and post-

ingestive phenomena was not found for the f lavonols. As these compounds 

caused the strongest degree of i nh ib i t i on in both species, an extended 

analysis of t he i r mechanism of act ion would be i n te res t ing . Quercetin has 

been found to in ter fere with trans-membrane ion transport by i nh ib i t i ng a 

calcium-dependent ATP-ase pump (Racker et a l . , 1980). Thus, non-specif ic 

e f fects of th is compound on the sensory l e ve l , that were not registered in 

the present study, may have played a r o le . Inh ib i to ry ef fects on several 

chemoreceptor cel ls that can be c lass i f ied as non-specif ic, were found for 

the main anthocyanin in B. oleracea, cyanin. 

The sens i t i v i t y of P. brassicae to phenolic acids and flavonoids was 

markedly higher than that of P. rapae (Chapter 6 ) . This was true both at 

the sensory and at the nu t r i t iona l l e ve l . The reasons for th is difference 

are unknown. Generally, the mechanisms of action of phenolic and f lavonoid 

compounds in insects have rarely been studied and, consequently, are poorly 

understood (Isman & Duffey, 1982; 1983). I t would require combining of 

biochemical techniques with methods employed in the present study to fol low 

the fate of phenolic compounds a f ter ingestion to investigate i f post-

ingestive degradation, modif icat ion or excretion occur. In the present 

study, no experimental l ink was made between the u t i l i z a t i o n of phenyl

alanine and tyrosine and the e f fects of phenolic acids on th is u t i l i z a t i o n , 

which seems an obvious candidate process to be negatively a f fected. A l 

though indicat ions ex is t that i nh ib i t i on of food intake could be due to 

chemosensory ef fects on behaviour, the involvement of post-ingestive pro

cesses such as toxicosis and food-aversion learning cannot be ruled out as 

possible factors responsible for decreased ingestion of food. 

Both l i t e ra tu re data and results of the present study indicate that 

cu l t ivars of B. oleracea display considerable var iat ion in the concentra

t ions of phenolic acids and f lavonoids (Chapter 7 ) . Furthermore, cu l t ivars 
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were found to d i f f e r in t he i r s u i t a b i l i t y as host plants fo r both P ier is 

species. However, on the basis of the preliminary resul ts obtained no f i rm 

conclusions can be drawn. I t i s not well possible to compare the patterns 

of performance with the pattern of phenolic and f lavonoid contents in the 

cu l t ivars investigated in a straightforward manner. Such a comparison is 

obstructed by several factors. An important factor i s that both performance 

and phytochemistry are mu l t i var ia te . Furthermore, only aglycones have been 

determined while i t i s conceivable that glycosides or other conjugated 

forms are more relevant in terms of b io logical a c t i v i t y . S t i l l then, the 

cu l t ivars were most cer ta in ly d i f fe rent in more respects than t he i r con

tents of the phytochemicals studied. This i s in most insect - plant studies 

the main methodological obstacle, preventing decisive conclusions on the 

signif icance of the few spec i f ic compounds investigated as defensive phyto

chemicals against phytophagous insects in a natural context. 
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SUMMARY 

The relat ionships between ca terp i l la rs of P ier is brassicae L. and 

Pier is rapae L. (Lepidoptera: Pieridae) and a common host plant Brassica 

oleracea L. were studied using chemosensory and nu t r i t iona l techniques. 

Attention was focussed on amino acids, which are in part essential 

nu t r ients , and on phenolic and f lavonoid derivatives of two aromatic amino 

acids, that are products of the secondary metabolism in the host p lant . 

An electrophysiological study of amino acid gustation showed that in 

both species 14 out of 22 amino acids were stimulants to a receptor ce l l i n 

a maxi l lary sensil lum. The nu t r i t i ona l l y essential amino acids were gener

a l l y stronger s t imul i than dispensable ones. A correlat ion analysis pro

vided ind i rec t evidence that the amino acid receptor possessed four s i t es , 

one less speci f ic and three or possibly four spec i f ic ones. A comparison of 

data on free amino acid concentrations in B. oleracea with dose-response 

re lat ions of the amino acid cel l showed that t h is cel l can quant i ta t ive ly 

sense f o l i a r amino acids. 

Phenolic acids and an anthocyanin that natural ly occur in B. oleracea 

e l i c i t e d neural responses from two to three maxi l lary gustatory ce l l s . 

Chlorogenic and protocatechuic acids, both carrying ortho-substi tuted hy-

droxyl groups on the aromatic r i ng , were the most e f fec t ive st imulants. A 

steep increase in responsiveness was occurring with increasing concentra

t ions in the range 0.2 - 5.0 mM. P. rapae was the less sensit ive of both 

species. Flavonols were i ne f fec t i ve . The predominant anthocyanin in B. 

oleracea, cyanin, evoked neural a c t i v i t y in some cel ls but inh ib i ted the 

a c t i v i t y in gustatory ce l ls sensit ive to sugars, amino acids and gluco-

sinolates in P. brassicae. Chemosensory responsiveness was ref lected in 

preference behaviour. Naturally occurring levels of phenolic acids in j3. 

oleracea as found in phytochemical studies are able to a f fect sensory 

processes in the ca terp i l la rs (Chapter 3 ) . 

Assessment of possible metabolic e f fects of d ietary phenolics and some 

other d ietary var iat ions was performed using a flow-through respirometer. 

This was designed to monitor continuously the gas exchange of feeding 

ca terp i l la rs during the complete f i na l i ns tar . The results of these 

measurements were compared to the results obtained using standard grav i 

metric techniques that make use of the measurement of food intake to ca l 

culate metabolic e f f i c iency . Respirometric results yielded small e f fects on 
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the energetic e f f ic iency of growth, which was in contrast to gravimetric 

resu l ts . The causes of the discrepancies between both methods and the 

consequences of these f indings fo r studies on insect food u t i l i z a t i o n in 

general are discussed (Chapter 4 ) . 

The nu t r i t iona l u t i l i z a t i o n of amino acids and nitrogen was studied 

comparatively fo r ca terp i l la rs of both species on an a r t i f i c i a l d ie t and on 

B. oleracea. Food consumption in the f i na l instar was lower on the a r t i f i 

cial d i e t . More food was consumed when leaf amino acid content was lower. 

Relationships were found between food consumption and the absorption ef

f ic ienc ies of most of the essential amino acids. Absorption e f f i c ienc ies 

for g lycine, cystein and serine were lower on the a r t i f i c i a l d i e t , d i f 

ferences for other amino acids were small between the d ie ts . Amino acid 

u t i l i z a t i o n patterns were s imi lar for both species. Balance sheet calcula

t ions showed that an extensive conversion from phenylalanine to tyrosine 

occurred. For both species indications were obtained that tyrosine and 

cystein may become l i m i t i n g fo r growth when dietary protein levels are low 

(Chapter 5 ) . 

Phenolic acids (caf fe ic and chlorogenic acids) and flavonoids (oenin 

and quercet in-3-rut inoside) inh ib i ted surv iva l , development and growth when 

larvae of both species were continuously exposed to these compounds present 

in an a r t i f i c i a l d i e t . P. brassicae was d i s t i n c t l y more sensit ive at lower 

levels of the compounds (0.4 and 1.0 mM). Final instars of both species 

were much less sensit ive than ea r l i e r i ns tars . Growth i nh ib i t i on in f ina l 

instars was pr imar i ly due to reduced food consumption. The results suggest 

a potential role of phenolic acids and f lavonoids, normal constituents of 

leaves of B. oleracea, in defence against P ier is ca terp i l la rs (Chapter 6 ) . 

Seven cu l t ivars of B^ oleracea were offered as food to study t he i r 

s u i t a b i l i t y as a host plant for larvae of both ca te rp i l l a r species. Para

meters of la rval performance showed differences between cu l t i va rs . High-

performance l i qu id chromatography was used to analyse leaf t issues of f ive 

cu l t ivars with respect to concentrations of phenolic acids and f lavonoids. 

Each of the cu l t ivars was found to have i t s own quant i tat ive pattern of 

these compounds. Unidenti f ied polar f lavonoid components were detected in 

highly variable amounts. These preliminary results further support a 

potent ial role of phenolic and f lavonoid compounds in resistance of B. 

oleracea against Pier is (Chapter 7 ) . 
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SAMENVATTING 

Plantenetende insekten vertonen veelal een gedragsmatige voorkeur voor 

bepaalde waardplanten. Een voorbeeld van een insekt - plant r e la t ie waar

voor de fysiologische basis van d i t voorkeursgedrag ui tgebreid is onder

zocht, is de r e la t i e koolwit jes - koolplanten (Pier is brassicae L. (het 

grote koolwit je) en Pier is rapae L. (het kleine koolwit je) - Brassica 

oleracea L. (de koo lp lant ) ) . Een belangri jke ro l in de herkenning van de 

koolplanten door zowel de vl inders als de rupsen spelen de zgn. mosterd-

ol ie-glucosiden. Di t z i j n stoffen waarvan wordt aangenomen dat de plant ze 

n iet zozeer gebruikt in z i j n eigen s tofwissel ing, maar ze produceert als 

verdedigingsstoffen die de beschadiging van het plantenweefsel door insek

ten en andere belagers tegengaan. Di t verdedigingsmechanisme werkt tegen 

insekten die normaal n ie t op kool worden aangetroffen, ;>iaar kenneli jk n iet 

tegen koolwi t jes. Deze maken j u i s t gebruik van mosterdolieglucosiden als 

signaal stoffen waaraan geschikt voedsel wordt herkend met behulp van daarop 

afgestemde z in tu igce l len . 

In koolplanten worden echter ook zgn. fenolisehe stoffen aangetroffen 

die mogelijkerwijze eveneens een verdedigende funct ie dienen. Deze s to f fen , 

fenolisehe zuren en de polyfenolische flavonoïden, worden door de plant 

gemaakt u i t de twee aromatische aminozuren (fenylalanine en t y ros ine) , 

welke als voedingsstoffen door insekten vooral worden gebruikt in de aan

maak van hun exoskelet. De behoefte aan beide aminozuren i s groot gedurende 

de snelle groei die larvale insekten, zoals rupsen, doormaken. De aandacht 

werd in d i t p roefschr i f t geconcentreerd op z intuigfysiologische en 

voedingsfysiologische aspecten van aminozuren en fenolische p lantestof fen. 

De vraagstell ingen welke centraal stonden waren: hoe v indt de z i n t u i g l i j k e 

waarneming van aromatische en andere aminozuren plaats (hoofdstuk 2) ; 

hebben de fenolische verbindingen z i n t u i g l i j k e e f fecten, hoe z i j n deze 

afhankel i jk van de chemische structuur (hoofdstuk 3 ) ; z i j n er effecten op 

de s to fwisse l ings in tens i te i t (hoofdstuk 4 ) ; z i j n er effecten op overleving 

en groei gedurende de larvale ontwikkeling en op de voedsel opname of de 

ver ter ingsef f ic iënt ie in het laatste larvale stadium, waarin verreweg het 

grootste deel van de voedselopname gedurende de larvale ontwikkeling 

plaatsvindt (hoofdstuk 6 ) . Daarnaast werd onderzocht hoe de absorptie en 

benutting van aminozuren ver l iep op twee verschillende voedselbronnen n l . 

een kunstmatig dieet en een natuur l i jke voedselbron, kool b lad. Di t onder

zoek had t o t doel vast te s te l len in hoeverre de aminozuurhuishouding op 

beide substraten verschi lde, met name wat bet re f t de benutting van de beide 
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aromatische aminozuren, alvorens routinematig het kunstmatige dieet te 

gebruiken voor de toetsing van fenolisehe plantestoffen (hoofdstuk 5 ) . 

Tenslotte werd onderzocht of er een verband bestond tussen de gehalten van 

fenolische verbindingen in verschillende kool -cu l t ivars en de geschiktheid 

van deze cu l t ivars als voedselplant (hoofdstuk 7 ) . In het volgende worden 

de belangri jkste bevindingen weergegeven. 

Van de 22 aminozuren bleken er 14 z intuigfysiologische a c t i v i t e i t op 

te wekken in bepaalde sensi l la aanwezig op de monddelen. Binnen die 14 

waren het vooral de essentiële aminozuren die a c t i v i t e i t in de smaakcellen 

opriepen. Zo veroorzaakte fenylalanine z in tu igreact ies , t e rw i j l tyrosine 

geen reacties teweegbracht. Er was een du ide l i j k verschil tussen beide 

soorten rupsen. Een correlatie-analyse leverde indirecte aanwijzingen op 

dat de aminozuurspecifieke z intuigcel aminozuren n iet als groep herkent 

maar mogelijk een aantal aparte structuren voor herkenning bez i t . Een 

verge l i j k ing van fytochemische gegevens over de concentraties van v r i j e 

aminozuren in koolblad met het concentrat ie- t ra ject waarin de aminozuur-

gevoelige cel ac t ie f i s , leverde als conclusie op dat deze cel informatie 

kan doorgeven over verschi l len in concentraties zoals deze in koolblad 

voorkomen (hoofdstuk 2 ) . 

Fenolische zuren en een anthocyaan, het flavonoïde pigment dat de rode 

kool z i j n kleur geeft, wekten z intuigfysiologische a c t i v i t e i t op in dezelf

de smaakharen waarin ook de aminozuurgevoelige cel l i g t . De a c t i v i t e i t 

opgewekt door deze verbindingen was echter afkomstig u i t andere ce l len. 

Sommige verbindingen wekten geen a c t i v i t e i t op. Het anthocyaan onderdrukte 

de a c t i v i t e i t van cellen die reageren op de aanwezigheid van suikers, 

mosterdolieglucosiden en van de aminozuurgevoelige ce l . U i t gedragsproeven 

in een keuzesituatie bleek dat de gemeten z intuigfysiologische a c t i v i t e i t 

in keuzegedrag werd vertaald. Ook hier gold dat het concentrat ietraject 

waarin z intu igreact ies optraden een overlap vertoonde met concentraties van 

de fenolische stoffen zoals deze in koolblad z i j n aangetroffen (hoofdstuk 

3 ) . 

De vraagstel l ing aangaande mogelijke effecten van fenolische stoffen op 

de stofwissel ing van de rupsen mondde u i t in een studie van methodologische 

aard. Daar de voor insekten gebruikel i jke gravimetrische methode geen 

reproduceerbare resultaten opleverde en onwaarschijnl i jk hoge var iat ies in 

de e f f i c i ë n t i e van de stofwissel ing suggereerde, werd een gasanalyse-

opste l l ing opgebouwd waarin het mogelijk was om de gaswisseling van de 

rupsen continu te meten en zo hun warmteproduktie te berekenen. Deze 

methode bleek wel reproduceerbaar en leverde aanzienl i jk geringere var ia-
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t ies op dan de gravimetrische. De fenolische verbindingen bleken geen 

negatieve invloed u i t te oefenen op de energetische e f f i c i ë n t i e van de 

groei . De fysiologische waarde van gravimetrisch bepaalde stofwissel ings-

e f f i c i ë n t i e s , onderwerp van veel pub l ikat ies , wordt bediscussieerd 

(hoofdstuk 4 ) . 

De u t i l i s a t i e van aminozuren van rupsen op een kunstmatig dieet en op 

koolblad vertoonden veel ge l i j ken is . Enkele n iet-essentiële aminozuren wer

den wat slechter geresorbeerd op het d ieet . Er bleken omgekeerd evenredige 

re la t ies te bestaan tussen de voedsel opname gedurende het laatste larval e 

stadium en de absorpt ie-e f f ic iënt ie van de meeste essentiële aminozuren en 

van prol ine en tyros ine. Balans-berekeningen aan aminozuren l i e ten zien dat 

een belangri jk deel van het benodigde tyrosine gemaakt werd u i t f eny l -

alanine, op zowel koolblad als op dieet met een laag totaal aminozuur

gehalte. In deze s i tua t ie kan tyrosine beperkend worden voor de groei of 

voor de kwa l i t e i t van het opgebouwde e iw i t (hoofdstuk 5 ) . 

Een tweetal fenol ische zuren (chlorogeenzuur en koff iezuur) en twee 

flavono'ïden ( rut ine en oenine) bleken de overleving nadelig te beïnvloeden, 

ontwikkeling en groei te remmen en popgewichten te verlagen, wanneer deze 

stoffen werden toegepast in een kunstmatig d ieet . P. brassicae rupsen waren 

gevoeliger voor deze verbindingen dan de rupsen van P. rapae. De jongere 

larvestadia waren du ide l i jk gevoeliger dan het laatste larvale stadium. 

Groei remming in het laatste stadium werd vooral veroorzaakt door een ver

minderde voedsel opname. Deze resultaten tonen aan dat de fenol ische stoffen 

in koolblad een rol als beschermingsstof kunnen spelen. Het gehalte waarin 

ze in het voedsel aanwezig z i j n i s daarbi j een belangri jke factor (hoofd

stuk 6 ) . 

De waardplantkwaliteit van zeven verschillende kool -cu l t ivars vertoonde 

duidel i jke onderlinge versch i l len. Met behulp van hoge-druk v loe is to f -

chromatografie werden eveneens verschi l len aangetroffen in de gehalten van 

fenolische stoffen in bladmateriaal van v i j f van deze cu l t i va rs . Ook werden 

een aantal n iet nader geïdentif iceerde flavonoïden gevonden. De patronen 

van waardplantkwaliteit en concentraties z i j n echter n iet zonder meer op 

elkaar te passen. Voortgezet onderzoek i s nodig om de beschermende funct ie 

van fenolische stoffen in kool tegen rupsen van koolwit jes overtuigender 

aan te tonen dan in d i t p roefschr i f t is gebeurd (hoofdstuk 7 ) . 
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