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Advice from a caterpillar -
*One side will make you grow taller, and

the other side will make you grow shorter."

Lewis Carroll: Alice's Adventures in Wonderland.

A late instar larvae of Uraba lugens Walk. and Oxyopes sp.
(Oxyopidae: Araneae) on Eucalyptus camaldulensis.,
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SUMMARY

The performance of Urabd lugens Walker was investigated in

relation to the influence of nitrogen and phenolic components present in
its food plants, using fresh and synthetic diets. The seasonal and annual

variation of these components in Eucalyptus camaldulensis, a good food

plant for U. lugens, was also examined. This was done in order to test
the hypothesis that nitrogen is normally a limiting nutrient for
phytophagous insects, but may become more available when its food plant
is subjected to "water stress", leading to increased survival of early
instars and therefore a population increase or "outbreak".

Larvae fed water stressed E., camaldulensis were potentially more

fecund, although survival did not increase. For artificial diets

incorporating leaf powder of either good (E. camaldulensis) or poor

(E. platypus) food plants, the amino acids proline and valine increased

larval performance compared with the respective base diets. However,

although proline concentrations varied markedly in E. camaldulensis
foliage, valine concentrations remained relatively constant throughout
the study period.

The major influencing factor on the performance of U. lugens was
the phenol quercetin, which decreased nitrogen assimilation to a much
greater degree than other phenols studied (caffeic acid, chlorogenic acid
and gallic acid).

In the food plant E. camaldulensis total nitrogen and phenols

were negatively correlated. Total nitrogen reached its maximum level in

early spring and declined to its minimum in winter but total phenols



reached maximum levels in winter and minimum levels in early

spring.The variation of individual amino acids in E. camaldulensis

foliage was also examined.
The results of this study are discussed in relation to existing
hypotheses on insect host / plant interrelations and population dynamics

and an alternative hypothesis is proposed.
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CHAPTER 1
Insect / host plant relations -

Literature Review.

1.1 INTRODUCTION,

Although insects are well known to be amongst the most abundant
and successful of terrestrial animals, the evolutionary path of the
phytophagous insect species has not been an easy one. Less than a third
of insectan evolutionary pathways have achieved the ability to feed on
the Spermatophyta (Southwood, 1973). Dethier (1982) said:

"As primary producers, green plants are the synthesizers and
bankers of biochemical wealth, Herbivores are the have nots, the
pillagers of this biochemical wealth."

This characterises well the relationship between the
phytophagous insect and its food plant.

The insect/plant relationship may essentially be considered in
terms of shelter, food and transport. Plants provide foocd and/or shelter
for insects, while the mobility of insects has led to the plant's
dependence on insects for the transport of pollen and propagules. In
utilizing green plants for food and shelter insects have had to overcome
a number of problems: (a) surviving the extremes of temperature and
dessication; (b) attachment to, and penetration of, what may be a tough,
waxy, hairy or spiny surface; (c) locating a particular plant species
amongst a great variety on which the insect cannot survive and (d)

ingestion, consumption and digestion of a food source which may be



suboptimal for nutritional or other reasons (Southwood, 1973).

In this review on insect/plant relations the latter two
"evolutionary hurdles", host selection and the provision of adequate
nutrition, especially the role of nitrogen, will be considered with some
emphasis on the physiology of the plant and its relationship to the
growth and survival of insect leaf feeders.

Most adult insects are able to select their own diets, but many
larval forms are influenced by the choice of food plant made by the
ovipositing female. Such larvae however, in common with those that
experience a greater or lesser degree of foraging are none-the-less
endowed with the ability to identify a preferred diet. Whereas this
ability may serve no apparent purpose in the more sedentary forms, it is
as critical to free foraging larvae as to resultant dispersing adults,
This is especially true in cases where the female may not oviposit on the
food plant (Erlich and Raven, 1964) directly but in its vicinity.

Some species may oviposit in the vicinity of the preferred host

(eg. Ectropis excursaria Guenée) and others, such as some Hepialidae and

Hisperiinae, eject eggs into space. Even in the situation where an
ovipositing adult selects the food plant of its offspring, the larvae may
still select actual feeding sites upon it or, in instances where the
plant has been damaged or consumed by the time the eggs hatch, another
plant must be found. If young are dislodged from their food they again
must have the ability to find another food plant or perish. Thus
recognition and selection of food plants and feeding sites is a function

of the parent and the offspring (Dethier, 1959).



While vision, phototaxis, geotaxis and hygrotaxis all may play
parts in directing insects to their oviposition and feeding sites, the
ultimate forces working at close range and operating in the final

recognition of preferred plants are largely chemical,

1.2 HOST PLANT SELECTION: an historical perspective.

It is usually assumed that the first insects, whose fossil
record starts in the Carboniferous era (Smart and Hughes, 1973), were not
plant feeders but were saprophagous (living on dead organic matter), the
ability to deal with the greater problems of feéding on green plants
evolved later. The chemicals which enabled these insects to detect their
decomposing plant food were probably metabolites such as carbon dioxide,
ammonia based compounds, alcohols and acids. These chemicals are
generally related to respiration, fermentation and chemical breakdown
associated with the decomposition of organic matter, and the insects
responding to them probably lived in soil or leaf litter. The move from
saprophagy to plant feeding is a fundamental step, one which probably
occurred several times and is still actively debated in the literature
(Smart and Hughes, 1973; Swain, 1978).

Barbourne (1977) stated that most plants are toxic. It had long
been recognised that insects discriminate as to their host plants. One
species of plant is not utilized by all phytophagous insects just as one
phytophagous insect does not utilize all species of plants. Approaching
the explanation to this phenomena Stahl (1888) suggested that a myriad of

diverse botanical compounds, the metabolic functions of which were



obscure, probably affordeh the plant's protection against attack by
enemies. The earliest experimental evidence that compounds of this nature
(often called secondary plant compounds) played this role was by
Verschaffelt (1910) who investigated the effect of mustard oil glycosides
on the acceptance and consumption of food plants by Pieris rapae (L.) and
found to stimulate insect feeding rather than preventing herbivory as
originally postulated.

Verschaffelt's work directed the line of research for the next
fifty or so years in the investigation of biochemical cues or token
stimuli (secondary plant compounds of no nutritive value) for host
selection (Dethier, 1941,1953; Thorsteinson, 1953, 1955, 1958 b;
Fraenkel, 1959 a and b; Fraenkel et al, 1960; Nayar and Fraenkel, 1963;
Nayar and Thorsteinson, 1963; Chambis and Jones, 1966; David and
Gardiner, 1966). The presence of token stimuli were considered the major
means by which insects chose their food plants despite a review by
Dethier (1954) which discussed the gquestion of «shether host plant
selection was guided by token stimuli or perception of plants that
. contained a satisfactory compliment of nutrients. Secondary plant
compounds are aften characteristic of botanical groupings and include
particular glycosides, alkaloids, flavonoids and terpenes. Fraenkel (1959
b) argued that many secondary plant substances which now encourage
feeding by particular insects are in fact evolved by plants to resist
insect attack; insect races adapted to such compounds now accept them as

recognition stimuli.



The emphasis thus far in host selection research had been on the
role of feeding stimulants., Jermy (1958,1966) and Thorsteinson (1960)
placed the attractive and stimulatory features of plant chemicals in
balanced perspective by also directing attention to the importance of
repellents and deterrents in host selection. Therefore since this early
period the direction of research has chang;d toward an emphasis on
deterrents with a consequent neglect of volatile attractive stimuli, and
from individual token stimuli to the idea that a complex of compounds is
involved in this recognition process {Thorsteinson, 1958 a and b;
Schoonhoven, 1968,1982; Dethier, 1970, 1974; Alfaro, et al 19802.

Parallel to the study of tcken stimuli as phytochemical cues for
insect host selection, existed the hypothesis that the perception of
nutritionally adequate food is more important in the selection of host
plants. Discussion and evidence for this hypothesis is scant, however it
is considered to some degree by Painter (1953) and Kennedy (1953), and
disputed by Lipke and Fraenkel (1956). Kennedy and Painter emphasised the
fact that the favoured host plant is not merely something fed on, it is
something lived on and in this respect looked at the possible role in the
variation of the host plant's physiology and the influence of this on the
performance and the fecundity of the insect. Examples were drawn from
settled and fed on leaves which produced a greater number of young

(Kennedy 1953) and pea aphids (Macrosiphum pisi (K1ltk.)) which produced

more progeny cn flowering branches than vegetative branches of alfalfa

plants (Fainter, 1953).



In the same light Fennah (1953) considered the influence of
environmental variations including soil fertility and water status on the
plant's physiology and thus the carbohydrate and amino-nitrogen content
of the leaves. This was brought into perspective with the incidence of
homopterans on their host plants and fluctuations in insect population,
Unlike Fraenkel (1953, 1959 a) who expounded that all plants provided an
adequate supply of nutrients to the insect, Fennah implied that plants
may vary in their nutritional compliment and may not be nutritionaly
adequate at all times. This idea could be supported by Wittwer and
Haseman (1946) who found that thrips preferred spinach plants grown on a
nutrient high in nitrogen.

Apart from such general approaches to the question of the role
of nutrients in host selection, very little work had been done on the
influence of individual nutrients on insect feeding behaviour.
Thorsteinson (1953) found that certain nutrients enhanced the
phagostimulatory effect of token stimuii and later reported that ascorbic
acid and sucrose induced feeding in several diverse species of insects
(Thorsteinson, 1958 a).

The use of artificial diets and electrophysiological studies
played a major role in the investigation of nutrients as feeding
stimulants (Davis, 1968; Schoonhoven, 1968, 1973; Vanderzant, 1974), for
example sucrose has been demonstrated to be a phagostimulant for many
phytophagous insects (Beck, 1956; Ito, 1960; Mittler and Dadd,
1963,1964,1965; Heron, 1965; Hsiao and Fraenkel, 1968; Coock, 1977;
Hatfield et al, 1982). Variations in the concentration of sucrose in the

diet has been found to influence the insect's response



(Thorsteinson, 1960; Hsiao and Fraenkel, 1968; Cobbinah et al, 1982;
Hatfield et al, 1982). Insect feeding is proportional to the
concentration of sucrose in the diet up to a point where the the insect's
feeding response peaks with any further increase in the concentration of
sucrose having little effect until at some higher level the feeding
response declines.

Electrophysiological studies have revealed the presence of a
sucrose receptor in all lepidopteran larvae investigated (Schoonhoven,
1973). The sugars glucose and fructose however are not consistent as
phagostimulants but may often act synergistically with sucrose (House,
1977; Cobbinah et al, 1982).

Other nutrients have also been found to act as phagostimulants
for insects: for example phospholipids (Thorsteinson and Nayar, 1963;
Hsiao and Fraenkel, 1968); sterols, ascorbic acid and B vitamins
(Thorsteinson, 1960: Beck, 1965); and amino acids (Auclair et al, 1957;
Auclair, 1963; Beck and Hanec, 1958; Davis, 1965; Hsiao and Fraenkel,
1968; Schoonhoven, 1969; Cook, 1977; Hatfield et al, 1982; Sivastava et
al, 1983), Alanine and aminobutyric acid have been found to stimulate
feeding in pea aphids (Sivastava et al, 1983), the European corn borer

(Beck and Hanec¢, 1958) and Pieris brassicae (Schoonhoven, 1969). Proline

Locusta migratoria (L.) (Cook, 1977), and the spruce budworm

Choristoneura fumiferana (Clem.) (Heron, 1965), however it inhibits

feeding in the pea aphid Acyrthosiphon pisum (Harris) (Srivastava et al,

1983)., Often an insect's feeding response is intensified by the

combination of several amino acids (Davis, 1965) or by combining these



with some other substances such as sucrose (Mittler and Dadd, 1964;
Heron, 1965), or phosphate buffer (Robins et al, 1965).

Phytophagous insects thus obtain detailed information about
their food (Schoonhoven, 1968, 1973; van Emden, 1971)., The complete
compliment of a plant's chemistry may be involved in an insect's
selection of a host plant. Kennedy and Booth's (1951)

*dual discrimination theory" proposed that the sensory stimuli fof insect
feeding reponses were not solely plant secondary substances but included
universal substances of fundamental nutritional importance to plants and
insects alike, or at least token stimuli physiologically associated with
universal substances. This theory was based on the observation that
insects may discriminate not only between plant species but also within a
species (see also Williams et al, 1983). Therefore it is evident that in
a chemical context host selection depends on both the stimulatory or
deterrent effect of secondary plant substances and the gquantitative

balance of a plant's nutritive constituents.

1.3 NUTRITION.

House (1966 a, 1962) and Gordon (1959) pointed out that the
nutritional superiority of a food depends on its nutrient balance, that
is, the proportion of nutritionally important substances in the food with
respect to the proportions required by the insect. This is also supported
by the work of Vanderzant (1963). Many phytophagous insects have adapted
to their host plant and their composition over many millions of

generations. The optimum amino acid mixture for the pink bollworm,



Pectinophora gossypiella corresponds closely to that of cotton protein

(Vanderzant, 1958) and the content of essential amino acids in the bud
anther of cotton is similar to the amino acid content of the boll weevil

Anthonomus grandis grandis (Boheman) (Lindig et al, 1980). Nevertheless

many problems of balance remain, Methionine, an amino acid relatively
scarce in plants (Lord, 1968; Boyd, 1970), is an essential dietary
requirement for most insects. The water soluble B-vitamins, especially
thiamine, riboflavin, nicotinic acid, folic acid, pyridoxine, pantothenic
acid, inositol, choline and biotin are also essential for insects (Dadd,
1963; Gothilf and Waites, 1968; Auclair, 1969; House, 1969), however
plant tissues differ greatly in the quantitative and qualitative
representation of these substances (Lord, 1968). Other studies have shown
that differences in the relative concentrations of amino acids and
glucose found between varieties of peas correlate with resistance to the

pea aphid Acyrthosiphon pisum (Harr.) (Auclair et al, 1957; Maltais and

Auclair, 1957).

It is also evident from the literature that different species of
insects have different nutrient requirements. This is demonstrated by the
investigations into amino acid nutrition reviewed by Chen (1966).
Investigations have revealed that the ten "essential" amino acids which
are known to be necessary for growth of mammals are also essential for
insects (Lipke and Fraenkel, 1956; Singh and Brown, 1957; Kasting and
McGinnis, 1958, 1962; Kasting et al, 1962; House, 1962). These amino
acids are: arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan and valine. However some exceptions

have been noted. For example, tyrosine is essential for
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Myzus persicae (Sulzer) (Strong and Sakamoto, 1963); Drosophila needs

glycine (Hinton et al, 1951); while methionine, phenylalanine and

threonine are not required by Blattela germanica (L.) (House, 1949; and

see Gordon, 1959).

Thus it is seen from the extensive work of House
(1965,1966,1969,1977) and others that nutrient requirements differ subtly
from one species to the next, and that many insects, but not all (see
Chew, 1980), eat the food most suited to their requirements.

As discussed earlier, Fraenkel (1953, 1959) suggested that green
leaves are excellent sources of all food materials required by insects.
Mittler's (1953) studies on aphid excretion, suggesting that the free
amino acids and amides ingested by the aphids from phloem sap were in
excess of the aphid's requirements, supported this view. However Gordon
(1261) and Schoonhoven (1969) suggested that host plants are often
nutritionally suboptimal. This opinion is supported by the work of Smith
(Sauss.) failed to develop normally on wheat when low soil-nitrogen
levels led to low levels of leaf protein; and by Rodriguez (1951) who

demonstrated that populations of the mite Tetranychus bimaculatus Harvey

increased more rapidly on host plants supplied with abundant nutrients.
brassicae (L.) were found to be directly correlated with the total
soluble nitrogen present in brussels sprout plants (van Emden, 1966; van
Emden and Bashford, 1971). Later studies have also found that larval
survival, growth and adult fecundity increase on host plants high in

nitrogen (McClure, 1979, 1980; Iheagwam, 1981; Myers and Post, 1981;
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Rausher, 1981; Tabashnik, 1982). Using artificial diets containing a
higher lysine-arginine ratio and highex total amino acid content than

present in the natural food of the boll weevil Anthonomus grandis

larval survival , growth, oviposition and hatch. Studying a mangrove
ecosystem Onuf et al (1977), found a greater proportion of herbivory and
greater abundance of lepidopterans on leaves and buds of trees growing in
high nutrient sites richer in nitrogen; and Pradham (1971) has related
that the application of nitrogen fertilizers to crops increases their
susceptibility to insect pests.

It therefore appears from such evidence that nitrogen may be a

limiting nutrient for insect growth.

1.4 NITROGEN AS A LIMITING NUTRIENT.

In the past decade many studies have examined the reiationship
between larval growth and plant nitrogen content (see reviews by Mattson,
1980; Scriber and Slansky, 1981). Most of these studies support the view
that nitrogen is a limiting nutrient for larval growth (Slansky and
Feeny, 1977; Fox and Macauley, 1977; Lincoln et al, 1982; Tabashnik,
1982), but there are exceptions (Schroeder and Malmer, 1980).

Plants generally contain lower concentrations of essential
nutrients, particularly proteins and their constituent amino acids, than
insects (Southwood, 1973; McNeill and Southwood, 1978). The mean protein

content of a sample of nearly 400 different species of trees and shrubs
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is only 13.4% of dry weight (Russell, 1947) however to be successful,
synthetic diets for insects must contain 25% dry weight of protein or
more and insects consist approximately of 50% dry weight protein
(Southwood, 1973). Therefore obtaining an adequate and balanced intake of
amino acids and proteins from the host plants on which they feed may be a
finely balanced problem for herbivorous insects.

In considering this problem a number of authors have used a
quantitative nutritional approach (Shroeder, 1977; Siansky and Feeny,
1977; Scriber, 1978; Schroeder and Malmer,1980; Auerbach and Strong,
1981; Scriber and Slansky, 1981; Tabashnik, 1982),., This involves
measuring the amount of food consumed, digested and assimilated,
excreted, metabolized and converted into biomass (Waldbauer, 1968).
Analysis of these measurements reveals how insects respond to different

foods and which food components exert the greatest effects on growth.

The nutritional parameters and indicies of larval growth are

summarized here (after Waldbauer, 1968; and Slansky and Feeny, 1977).

I

GR: Growth rate (mg/day) = biomass gained per day.

RGR: Relative growth rate = biomass gained per unit mean larval

mass per day.

CR: Consumption rate (mg/day) = food ingested per day.
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RCR: Relative consumption rate = food ingested per unit mean

larval mass per day.

AD: Approximate digestibility or assimilation efficiency (%) =

(food ingested - faeces / food ingested) X 100.

ECD: Efficiency of conversion of digested food (%) =

(biomass gained / food ingested - faeces) X 100

ECI: Efficiency of conversion of ingested food (%) =

(biomass gained / food ingested) X 100

NCR: Nitrogen consumption rate (mg/day) = nitrogen ingested
per day.
NAR: Nitrogen accumulation rate (mg/day) = biomass nitrogen

gained per day.

I

NUE: Nitrogen utilization efficiency (%) {biomass nitrogen

gained / nitrogen ingested) X 100,

RNCR: Relative nitrogen consumption rate = nitrogen ingested per

gram mean larval dry mass per day.

RNAR: Relative nitrogen accumulation rate = biomass nitrogen

gained per gram mean larval dry mass per day.
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Using quantitative means in studying insect nutrition it becomes
clear that together with water (Scriber, 1977,1979; Reese and Beck, 1978;
Scriber and Feeny, 1979) nitrogen is one of the most limiting nutrient
resources for larval growth (Slansky and Feeny, 1977; Scriber, 1978;
Scriber and Slansky, 1981).

Working with fifth instar Pieris rapae on a variety of wild and
cultivated food plants, Slansky and Feeny (1977) found that in general
there was no correlation between plant nitrogen content and larval growth
rate (GR). However as plapt nitrogen content increased, consumption rate
(CR) declined, and efficiency of conversion of ingested food or gross
growth efficiency (ECI) increased together with an increase in
assimilation efficiency (AD). Thus the relatively constant larval growth
rate on plants with increasing nitrogen contents resulted from
compensation between declining CR and increasing ECI.

Similar findings can be drawn from the results of Taylor and

Bardiner (1968) working with the chrysomelid Phaedon cochleariae Fab. and

the lepidopteran Putella maculipennis Curtis on turnip and radish., Both

species were seen to have a greater CR and AD on older plants with a low
protein content than on younger plants with a higher protein content.

It would be expected that compensatory changes of larval CR and
ECI in relation to plant nitrogen content are likely to reflect
compensatory changes at the level of nitrogen utilization. Slansky and
Feeny (Ibid.) found that although CR decreased with increasing plant
nitrogen the rate of consumption of nitrogen (NCR) increased with

increasing plant nitogen content and by contrast nitrogen utilization



15

efficiency (NUE) declined. Therefore P, rapae maintained a relatively
stable rate of nitrogen accumulation into larval biomass (NAR) due to the
compensation between NCR and NUE.

The experiments using variation in nitrogen fertilization of
food plants conducted by Slansky and Feeny (1977) showed a similar
compensation between CR and ECI, Larval growth on the plants with the
highest dose rates of fertilizer however, was exceptionaly high together
with high values for ECI and NUE., This suggests that the higher GR and
NAR of larvae on these plants resulted from an increase in feeding
efficiency, the higher proportion of nitrogen present in the highly
fertilized plants being in a more digestible form than the proportion
typical of the other food plants.

Auerbach and Strong (1981) working with several insect species
ranging from polyphagous to monophagous on a number of different host
plants with variable nitrogen contents, found that the oligophagous
species studied did not vary their relative consumption rates (RCR) with
increasing nitrogen content in the host plant . Although AD and ECI were
found to increase on hosts with a higher nitrogen content the nitrogen
utilization efficiency (NUE) also increased. Therefore the nitrogen
accumulation rate (NAR) was lower on the low nitrogen hosts which is
reflected in the lower GR observed. Slansky and Feeny (1977) concluded
that the stabilization of growth rates among larvae on different hosts is
a consequence, not a cause, of stabilization of nitrogen accumulation
rates, Therefore if 2. rapae larvae were not able to maintain their
homeostatic ability to stabilize NAR, they probably would have exhibited

lower growth rates on low-nitrogen hosts, as observed by Auerbach and
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Strong (1981) for the oligophagous species studied.

Slansky and Feeny's concept that stabilization of the nitrogen
accumulation rate is achieved by larvae adjusting their feeding rates,
implies an active process and also concerns the inverse relationship
between gross growth efficiency (ECI) and consumption rate as observed by
other authors (Soo Hoo and Fraenkel, 1966; Waldbauer, 1968). However
Auerbach and Strong (1981) have demonstrated that similar NAR on hosts
with different nitrogen levels can be fulfilled by other means,

Studying larvae of two monophagous beetle species with extremely
long life cycles, Auerbach and Strong (1981) found that for one species

(Cephaloleia consanguinea) there was no difference in consumption rates

or ECI between the low and high nitrogen hosts. NAR remained constant due
to lower nitrogen utilization efficiencies (NUE) on the high nitrogen

plants. Chelobasis perplexa did exhibit an inverse relationship between

CR and ECI, however the relative consumption rate (RCR) increased as the
nitrogen of the host plant increased and ECI was seen to decrease.
Therefore the constant NAR observed results from low NUEs on the high
nitrogen plants. Auerbach and Strong proposed two possible explanations
for this phenomenon. Firstly they suggested that nitrogenous compounds
such as amino acids were functioning as feeding stimulants, high nitrogen
compounds therefore inducing an increase in consumption rate which in
turn resulted in a reduction in ECI. The second explanation mentions the
possibility that other features of the high-nitrogen plants resulted in
their being less efficiently converted to insect biomass by the
monophagous species studied; therefore NAR stabilization could be

achieved only through increased consumption rates. In this case the
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higher consumption rates would be a consequence of low growth
efficiencies (ECI).

Insects may therefore compensate for low nitrogen content in
their diet by varying feeding rates and efficiencies of digestion. Other
strategies however may also be employed to compensate for low and
changing host plant nitrogen levels. These are discussed by Mc Neill and
Southwood (1978) and include; (a) varying feeding sites on the same
plant; (b) movements to different plants; (c¢) modification in the
physiology of the plant; (d) nitrogen from other sources; and (e}
phenological adaptions.

In examining the'question of whether nitrogen is limiting in the
natural diet of phytophagous insects, two forms of variation in nitrogen
content have been considered: (1) variation among different host plant
species; and (2) variation within a host plant species. The study of
larval growth in relation to inter specific variation in nitrogen content
has yaylded much insight into plant-herbivore relationships, but
interpretation of results can be complicated by differences among plant
species other than nitrogen content. For example qualitative differences
among plant species in secondary chemistry may effect larval growth (Soo
Hoo and Fraenkél, 1966; Slansky and Feeny, 1977). This issue is moderated
by studying larval growth in relaton to variation in nitrogen content
within a host species, Fertilization experiments have been used to
achieve wide ranges in intraspecific variation of leaf nitrogen content
(smith and Northcott, 1951; Slansky and Feeny, 1977; McClure, 1980;
Auerbach and Strong; 1981). However as Tabashnik (1982) pointed out, the

variations in nitrogen attained through these fertilization experiments
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may be exaggerated in comparison with the range experienced in the field;
or as mentioned by Buerbach and Strong (1981) and SLansky and Feeny
(1977), the nitrogen fertilizer itself may alter the balance of free
amino acids in the plant which in turn would influence the insect's
feeding behaviour. Another aspect of using nitrogen fertilizer in such
studies is its possible influence on the water content of the plant
(SsLansky and Feeny, 1977)}. Several studies have found that leaf water and
nitrogen content are positively correlated, and that low leaf water
content may limit larval growth (Reese, 1978; Scriber and Slansky, 1981).
Addition of high levels of nitrogen fertilizer however, may lead to salt
stress in the treated plants, influencing the nitrogen water balance.
This problem was apparent in Auerbach and Strong's (1981) work which
mentions the occurrence of salt stress symptoms on the leaves of the
highly fertilized treatments,

Considering these problems Tabashnik (1982) studied the
intraspecific field variation in leaf nitrogen content and its influence
on larval growth using two species of Colias larvae on two species of
legume. The response of Colias larvae to intraspecific variation in leaf
nitrogen content were consistent with the broad interspecific trend that
larval growth is positively correlated with leaf nitrogen content
(Slansky and Feeny, 1977; Scriber and Feeny, 1979; Mattson, 1980; Scriber
and Slansky, 1981). Some variation in larval response to different leaf
nitrogen levels did exist however between the different species on vetch
and alfalfa., For example: larvae fed vetch showed a strong negative
correlation between RCR and leaf nitrogen content and a positive

correlation between ECI and leaf nitrogen content, corresponding to
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Slansky and Feeny's (1977) findings; whereas larvae fed on alfalfa did
not alter their consumption rates as leaf nitrogen varied, which is
comparible to studies by Schroeder and Malmer (1980) and Auerbach and
Strong (1981). Tabashnik concluded, as d4id Slansky and Feeny, and
Auerbach and Strong, that nitrogen is a limiting nutrient for the growth
of Colias larvae, even though the two species were fed on legumes which
have a high nitrogen content compared to the host plants of most other

v
herbivoes (see Scriber and Slansky 1981). Schroeder and Malmer (1981),
working with 34 species of Hymenoptera and Lepidoptera where their larvae
were fed leaves of black cherry, concluded otherwise, stating that if
nitrogen is limiting it most likely would be manifested as an imbalance
of required amino acids.

Auerbach and Strong (1981) have pointed out the possibility that
low plant nitrogen content may be a form of plant defence. If an
herbivore has equivalent growth rates on hosts with different foliar
levels of nitrogen as a result of increasing its consumption rate on low
nitrogen plants, then low nitrogen plants suffer more feeding damage.,
However in soma cases the nitrogen content may be too low for any
stabilization of nitrogen accumulation, which would result in lower
growth rates, survival and fecundity. The feeding time must also be
considered in relation to a low nitrogen diet since increased feeding
time often represents a period of increased susceptibility to parasites
and predators for phytophagous insects (Hassel and Southwood, 1978).

The nitrogen and water content of tree foliage is much lower
than in herbaceous species (Scriber and Feeny, 1979; Scriber and Slansky,

1981). The maximum RGR of larvae confined to mature tree leaves
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(with water generally less than 70% and nitrogen usually less than 3%) is
retricted to generally half that observed for herbaceous plant feeders
(Scriber and Feeny, 1979). Thus it is considered that tree leaves are a
poor substrate for rapid and or efficient growth in comparison to herbs,
due to low AD. Unlike some herb feeders, tree feeders seem limited in
their ability to compensate for low AD by increasing RCR or ECD (Scriber,
1978). Larvae feeding on herbaceous or ephemeral plants have been found
to feed faster and grow more rapidly than larvae feeding on perennial
shrub or tree leaves, taking less time to complete each stadium (Scriber
and Feeny, 1979) having higher NAE and NAR (Rhoades and Cates, 1976).
Herbaceous plant feeders appear more efficent at converting food and

nitrogen into biomass (Scriber and Feeny, 1979).

1.5 FEEDING EFFICIENCIES OF SPECIALISTS AND GENERALISTS.

A number of authors have suggested that herbaceous plant feeders
tend to be monophagous or oligophagous whereas insect species feeding on
shrub or tree leaves tend toward polyphagy (Brues, 1924; Futuyama, 1976;
Slansky, 1976;.Scriber and Feeny, 1979). It has been postulated that the
evolutionary gain for dietary specialization is an increase in food use
efficiency (Dethier, 1954; Gordon, 1959; Waldbauer, 1968; Krieger et al,
1971; Whittaker and Feeny, 1971;) which may be due to an appreciable
reduction in metabolic costs, for example in tolerating defensive
chemicals present in the food plant (Feeny, 1975). Tests of this

hypothesis however have produced conflicting results. Rhoades and
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Cates (1976) and Auerbach and Strong (1981) concluded that the degree of
specialization of a phytophagous insect did influence food use efficency.
Futuyama and Wasserman (1981) and Schroeder (1976, 1977) however did not
find that feeding specialization resulted in greater efficiencies of
resource utilization (see also Futuyama et al, 1984),

To determine whether efficiency of utilization of a host plant
depends on the degree of feeding specialization, plant growth form must
also be considered, since as previously discussed, evidence suggests that
shrub and tree species are utilized less efficiently than herbaceous or
ephemeral plants, The question is further complicated by different races
of an insect species which are regionally specialized on different hosts.
Individuals from one geographic range may be better adapted than
individuals from another part to a particular food species which is
locally abundant or one on which larval survivorship is relatively high
(Brues, 1924; Gilbert and Singer, 1975; Morrow, 1977; Hsiao, 1978). Cates
(1981) found that some populations of widely distributed polyphagous
species are more specialized in their diet than host plant lists would
suggest.

Considering these influences Scriber and Feeny (1979) concluded
that although specialist feeders did appear in some cases to utilize
their host plants more efficiently, other examples existed where
generalist species seemed capable of growth rates comparable to those of
specialist feeders. Therefore larvae of generalist feeding habits are not
necessarily less efficient than species with more restricted feeding
habits in exploiting many of their food plants., They suggest that the

"metabolic load" of detoxifying capacity carried by some generalists
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(Krieger et al, 1971; Brattsen et al, 1977; Schoonhoven and Meerman,
1978) has by itself only a small effect on larval growth rates. This view
is supported by both Bernays (1978), who indicated that digestion in
grasshoppers is not reduced by the addition of tannin to the diet; and
Morrow and Fox (1980) who found that levels of leaf nitrogen rather than
0il content better explained the variation in herbivore growth on
Eucalyptus. However since generalists are by definition likely to attack
a greater and chemically more diverse range of food plants, they are less
likely than specialists to be equally well adapted to growth on all their
food plants (Waldbauer, 1968)., It therefore follows that individuals of
generalist species are more likely than specialists to occur on plants on
which they are relatively inefficient., The specialized physiological
adaptions to the host in host-specific insects may be the consequence

rather than the cause of host specificty (Futuyama et al, 1984).

1.6 PLANT APPARENCY OR ESCAPE IN SPACE AND TIME

Rhoades and Cates (1976) and Feeny (1975, 1976) have suggested
that a general relationship may exist in nature between the diversity of
mechanical and chemical defences in plants {(or particular plant tissues)
and the "predictability and availabilty" of a plant resource in space and
time (Rhoades, 1979). For example the dominant trees of a temperate zone
climax forest are according to Feeny (1975), "bound to be found" by
insects in ecological time, owing to their large size, long life relative
to that of insects, and possibly also as a result of lower vegetation

diversity. These plants are therefore classified as "apparent”.
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Herbaceous or ephemeral plants however, characteristic of early stages of
community succession, are faster growing and have a shorter life span.,
These plants are therefore likely to be less predictable as a food source
and relatively "hard to find" by herbivores. Relying primarily on escape
in time and space as a defence strategy such plants are classified as
"unapparent”.

Unapparent plants and plant tissues are normally characterised
" by qualitative defences such as those which disrupt the metabolic
processes of herbivores, and include compounds such as alkaloids,
pyrethrins, cardiac glycqsides, cyanogenic glycosides, saponins,
non-protein amino acids and insect hormone analogues (Rhoades and Cates,
1976). These plant toxins are generally present and actiJé in small
gquantities, and are cheap to produce in terms of metobolic cost to the
plant, However the éualitative plant toxins are vulnerable to counter
adaption by insects and may be used as attractants or sequestered as
defence systems by more specialized herbivores (Fraenkel, 1959, 1969;
Rothschild, 1972; Freeland and Janzen, 1974; Dowd et al, 1983). Scriber
and Feeny (1979) found that larvae of the southern army worm grow equally
well on cyanogenic and acyanogenic varieties of their host plant. Insects
that can detoxify such defence compounds, are then influenced by the
nitrogen levels in the food plant (van Emden, 1972, 1973). Larvae of
monophagous and oligophagous insects tend to prefer young leaf tissues
(Cates, 1980) even though they are highest in qualitative defences,
because they are easier to digest and normally contain higher relative

nutrient and water concentrations (Feeny, 1976; Rhoades and Cates, 1°276;

Cates and Rhoades, 1977; Scriber and Feeny, 1979). This view is disputed
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with good examples of slected feeding induced by antifeedants or
unacceptable levels of certain compounds by researchers on pine sawflies
(Ikeda et al, 1977). Unapparent plants are r-selected, short lived and
continually producing new growfh or seceds, consequently there is usually
some region of the plant at any one time that contains an adequate supply
of nitrogen for the herbivores., Despite the availability of food during
the growing season of an ephemeral plant (or plant tissue) escape in
space and time would probably be successful against specialist herbivores
since they lack an alternative food source. Specialist herbivores must
allocate time and energy into the search for their food plant. Therefore
the more ephemeral the resource the greater will be the specialist
herbivores mortality during the search (Chaplin, 1980). This defence
strategy however would not be effective against generalist herbivores.
Since generalist herbivores are by definition "less highly co-evolved”
with any given host plant, selection pressure would favour a wide
diversity of toxic defence chemicals in the ephemeral plants (Cates and
Rhoades, 1977). Therefore the distribution of plant defence compounds may
depend on herbivore feeding pressures (Rhoades and Cates, 1976; Cates and
Rhoades, 1977; Rodriguez, 1977).

In contrast, apparent plants or plant tissues are exposed both
in space and time; they are long-lived and grow in association with large
nunmbers of the same species. Besides general physical defence methods
such as hairs, silica and tough fibrous leaves (Denno and Donnelly, 1981)
an important defence for these plants is the lowering of the levels of
available nitrogen, or making the essential flushes of nitrogen as short

and unpredictable in time and space as possible (McKey, 1974; Rhoades and
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Cates, 1976; Mooney et al, 1980). Apparent resources often contain high
concentrations of dosage dependant quantitative defences such as phenols,
tannins, resins and refractory carbohydrates which act within the gut of
the herbivore to reduce the availability of plant nutrients. Quantitative
defences are thought to be the most difficult for all herbivores to
overcome but may be particularly directed against monophagous and
oligophagous herbivores (Feeny, 1976; Rhoades and Cates, 1976; Cates and
Rhoades, 1977; but see Fox and Macauley, 1977; and Bernays, 1978). Cates
(1980) found that the tough, mature, less nutritious woody perennials
were preferred by polyphagous insects. Denno and Donnelly (1981) also
found that specialist herbivores avoided the tough mature leaves of
apparent plants. Working under a range of laboratory and field conditions
a number of investigators have observed greater levels of herbivory on
young leaves in both apparent and unapparent plants (Kennedy and Booth,
1951; Feeny, 1970; Reichle et al, 1973; Hamilton et al, 1978; Ives, 1978;
Milton, 1979; Oates et al, 1980; Colely, 1980, 1983).

Such observations would seem to support the hypothesis that
young leaves of both apparent and unapparent plants are less well
defended chemically and physically than mature leaves (McKey, 1974;
Feeny, 1976; Rhoades and Cates, 1976). Investigations of temperate
species have revealed that young leaves contain lower concentrations of
quantitative defences such as tannins, although they may ﬁave higher
concentrations of gualitative toxins (Feeny, 1970; Dement and Mooney,
1974; Lawton, 1976; Rhoades and Cates, 1976; Mckey, 1979). Although
Macauley and Fox (1980) found no variation in the tannin concentration of

Eucalyptus leaves with age, young eucalypt leaves are more available



(i.e, apparent) to their herbivores than are for example young leaves of
oak, since they are initiated several times during the growing season.,
However research on tropical species has revealed higher phenol and
tannin concentrations in young leaves compared to mature leaves (Milton,
1979; Oates et al, 1980; Coley, 1983).

Plant secondary compounds, and particularly phenols, have been
considered as major defences against herbivores (Whittaker and Feeny,
1971; Levin, 1971, 1976; Rhoades, 1979). However a number of studies have
found no correlation between herbivory and phenol or tannin content (Fox
and Macauley, 1977; Balick et al, 1978; Bernays, 1975; Morrow and Fox,
1980; Oates et al, 1980; Coley, 1983). The recent literature suggests
that the importance of plant secondary compounds in defence may have been
overemphasised (Bernays, 1981). Leaf toughness and quality may play a
more important role in herbivore grazing patterns than previously
realised (Scriber, 1978; Scriber and Feeny, 1979; Scriber and Slansky,
1981; Coley, 1983). Coley (1983) has therefore proposed an alternative
hypothesis to the plant apparency model, suggesting that habitat quality
determines the type and extent of a plant's commitment to anti-herbivore
defences,

The vériation in insect / plant interactions indicate that

generalisations, as with the plant apparency model, have many exceptions,

plant apparency projection appears to be an extrapolation from specific

cases to a general conceptual model. Extending the postulates made in
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relation to specific and general defence for plant apparency, it follows
that early successional or unapparent communities should be primarily
composed of chemical specialists, whereas climax or apparent communities
should be primarily composed of chemical generalists (Feeny, 1976;
Rhoades and Cates, 1976). These predictions however are not consistent
with observations made by Levin (1976 b) who found from a world wide
floral sample that 33% of annuals contained alkaloids compared with 20%
of the perennials,

Although the plant apparency model has been useful in
considering the relationships between plant defence allocation and insect
herbivory it should be viewed with caution in attempting to apply a
general rule to insect / plant interrelations. Plant apparency may of
course be due more to the fact that commonness, density and variability
of a plant family or genus such as the Myrtaceae or Eucalyptus have
provided a range of usable substrates stimulating the evolution of
predators to take advantage of them. Non-apparency by contrast may be due
to the reverse relationship, for example Ficaceae and Ficus in
those on Ficus in Australia, possibly due to the differences in the areas
colonised by tﬁe indigenous species together with the possible
differences in the chemical defences of both groups.

The more profitable approach is perhaps, one that cconsiders the
basis for viable interactions between food plants and monophagous,
oligophagous and polyphagous herbivores with the prime objective being to
understand the relationships and from this basis, to speculate upon the

development of it, There is no doubt that many insect herbivores have
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essentially similar requirements of their food plants and some of these
requirements tend to be so similar as to question the niche concept
(Elton, 1927). Good examples appear to be the scolytid bark beetles, many
species of which, compete for the same tissues of the same food plant,
Yet it is known that even closely related species use different
components of the general complex of volatile signals that issue from the
food plant in finding their host (Perttunen, 1957; Chapman, 1963; Atkins,
1966; Rudinsky, 1966) and moreover convert certain of these compounds
present to communicate with their own species (Anderson, 1948; Wood and
Vite, 19613 McMullen and Atkins, 1962; Chapman, 1966; Pitman, 1966).

Diirerent insect species on a similar range of host plants may
develop a successional relationship possibly stimulated by changes in the
food plant's physiology. This can be demonstrated by considering an

insect host plant complex such as that of Eucalyptus camaldulensis

Dehnh.. Miles et al (1982 b) found that consumption of E, camaldulensis

leaves by Paropsis atomaria Oliver resulted in an increase in the phenol

content of the eucalypt's leaves and a decrease in the nitrogren content.
Wounding has been found to increase the activity of phenylalanine
ammonia-lyase (PAL), the first and limiting enzyme in the pathway of
phenolic biosynthesis (Wong et al, 1974; Bidwell, 1979). Other authors
have also found similar relationships between defcliation and the
nitrogen / phenol ratios (Benz, 1974; Wratten et al, 1981; Haukioja,
1982; Schultz and Baldwin, 1982; Edwards and Wratten, 1983; Tuomi et al,
1984), It is therefore possible that as the physiology of the plant
changes with the impact of herbivory, the fauna associated with the plant

will also change, For example, in the case of E. camaldulensis a
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predominance of flush feeders such as Glycaspis brimblecombei Moore and

P, atomaria may give way to insects often found on moderate phenol /

nitrogen herbage such as Cardiaspina albitextura Taylor (Morgan, 1984),

Uraba lugens (Cobbinah, 1978) and Perga spp. These latter insects being

able to tolerate or even utilize the proportions of secondary plant
compounds in relation to nitrogen present in their food, It appears that
the proportion of nitrogen to plant secondary compounds (see: Lunderstadt
and Reymers, 1980; Williams et al, 1983), or the balance of physiological
compounds within a plant may determine a successful faunal association.
If insect herbivores co-evolve with their host plants and become adapted
or "conditioned™ to the nutrient levels present in their food then the
selection of feeding sites apparent in nature may be adequately explained
where no physical determinants are present. Thus in many instances the
balance between nutrients, phagostimulants and feeding inhibitors present
in the different foliage classes on a tree may provide a range in their
proportions that permit a choice for each grazér. This allows for changes
in food preference with age of herbivore (Isman and Duffey, 1982) and may
constitute a basis for lack of competition for food resource between

predators of the same food plant.

1.7 ENVIRONMENT AND PLANT PHYSIOLOGY.

Much work has been done on environmental influences on the
physiology of the plart especially in the realm of water stress on
nitrogen metabolism., Kemble and Macpherson (1954) working with perennial

rye grass, were the first researchers to find a dramatic increase in
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proline during wilting. Other researchers followed, finding that "water
stress", namely drought or wilting, induced significant increases in the
free amino acid content of the plant especially proline, and a decrease
in the plant's protein content (Chen et al, 1964; Barnett and Naylor,
19663 Durzan and Ramaiah, 1971; Stewart, 1972 a and b; Hsiao, 1973; Singh
et al, 1973 a and b; Blum and Ebercon, 1976; Boggess et al, 1976;
Ferreira et al, 1979; Hanson et al , 1979; Huang and Cavalieri, 1979;
Dubetz and Gardiner, 1980; Jones et al, 1980; Stewart and Hanson, 1980;
Fukutoku and Yamada, 1981; Labanauskas et al, 1981; Tanabe et al, 1982).
Further work showed that the response of the plant to environmental
stress such as heat and salinity closely paralleled that of water deficit
(Chu et al, 1974, 1976; Huber, 19743 Treichel, 1975; Liu and Hellebust,
1976; Bar-Nun and Poljakoff-Mayler, 1977; Wyn Jones and Storey, 1978;
Cavalieri and Huang, 1979, 1981; Jefferies et al, 1979; Lawlor, 1979;
Spyropoulos and Lambris, 1979; Tatt, 1980; Labanauskas et al, 1981;
Cavalieri, 1983; Dreier, 1983). A number of recent reviews on this
subject outline the physiological impact of water stress on the plant
(Hanson, 1980; Stewart and Larher, 1980; Turner and Kramer, 1980; Paleg
and Aspinall, 1981; Hanson and Hitz, 1982)., Water stress has been shown
to decrease ph&tosynthesis (Lawlor, 19276; Liu and Hellebust, 19276; Lawlor
and Fock, 1977, 1978; Naidenova, 19792; Benecky, 1980; Ludlow et al, 1980;
Osonubi and Davis, 1980; Bhardwaj and Singhal, 19813 Dougherty and
Hinckley, 1981) and respiration (Hsiao, 1973; Brown and Thomas, 1980). In
response to water stress the accumulation of abscisic acid (ABA) a potent
‘'growth inhibitor (Wright, 1969; Wright and Hiron, 1969; Mizrahi et al,

1970), is thought to induce the dramatic increase in proline observed in
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the plant (Aspinall et al, 1973; Aspinall, 1980). Proline is also thought
to accumulate in plants due to four main changes in the plant's
metabolism: (1) stimulation of proline synthesis from glutamic acid; (2)
inhibition of proline oxidation; (3) the incorporation of free proline
into protein is impaired, and (4) the export of proliné via the phloem is
reduced (Hanson, 1982). A number of authors have hypothesised that the
possible value of proline accumulation is as a nitrogen-store, energy
store, or a NH3—detoxification product (Stewart and Hanson, 1981).
However combining physiological and genetic approaches, some researchers
have suggested that accumulation of proline may be an incidental response
to water stress (Wyn Jones and Storey, 1978; Hanson, 1982).

In contrast to the influence of environmental stress or water
stress on the nitrogen metabolism of the plant, studies on the influence
of environment on secondary plant metabolism is sparse. Vaadia et al
(1961) stated that, in studying plant water deficits and physiological
processes, greater emphasis should be givén to the relation between water
deficits and metabolism. This is certainly still true today. Although
much more is known on the implications of water stress on the "primary"
nitrogen and carbohydrate pathways, very little is known of the influence
on production of secondary plant compounds (with the exception of plant
wounding). This is perhaps due to the early concept that secondary plant
compounds were indeed just that - anomalies of plant metabolism which
just happened to repel herbivores. However recent work has shown that the
term "secondary plant compound"™ should be revoked as a misnomer (Seigler,
1977) and that these compounds should, more appropriately be designated

as allelochemics. With the advent of improved biochemical techniques such
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as gas ligquid chromatography, gas chromatography - mass spectrometry and
high pressure liquid chromatography, this gap in our knowledge of plant
metabolism may be resolved in the near future.

One aspect of plant "secondary metabolism"” is its metabolic cost
to the plant. If the metabolic cost to the plant for the production of
secondary plant substances is high as suggested by Levin (1971) and McKey
(1979), it would be logical to assume that environmental stress, such as
water stress or high temperature, would result in a decrease of these
compounds due to the observed decrease in photosynthesis and respiration
as suggested by Rhoades (1979) and Temple (1981). The evidence for such
metabolic costs are however circumstantial and are discussed by McKey
(1979).

In considering nutrient stress it has been found that a well
nourished plant is more tolerant of disease (Graham, 1983). However in
the case of soil nitrogen, limiting nitrogen conditions induces synthesis
and accumulation of phenolics and alkaloids, while supraoptimal soil
nitrogen results in the reduction of phenol and alkaloid synthesis
(Hogue, 1982{ Graham, 1983). It therefore appears that phenol and
nitrogen metabolism are negatively correlated. However in considering
this information one cannot extrapolate to the implications that since in
a water stressed plant the free amino acids increase, the phenols will
therefore decrease, because water stress decreases protein synthesis (see
Parker and Patton, 1975). The answer therefore lies in the understanding

of secondary metabolism and its cost to the plant.
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Mukherjee and Choudhuri (1981) found that water stress
increaseed the activity of indoleacetic acid (IAA) which is known to
inhibit phenylalanine ammonia-lyase (PAL) an important enzyme involved in
the synthesis of a number of plant defence compounds (Bidwell, 1979).
Inhibitors of protein synthesis are also known to prevent the increase of
PAL (Bidwell, 1979), It would therefore be expected from such evidence
that water stress may result in a decrease in plant secondary compounds,
This has been observed by Miles et al (1982 b) and implied by Temple's
(1981) research on bracken fern. Hence the concept, that a plant under
physiological stress may by virtue of a decrease in its ability to
produce sufficient of its protective chemicals, becomes vulnerable to its
enemies, Graham (1983) has indicated that relatively small changes of
this kind in a host plant may result in a considerable effect on the

severity of a disease affecting it.

1.8 ENVIRONMENTAL STRESS AND INSECT OUTBREAKS.

From the preceeding literature discussed it appears that an
insect's "performance" on a host plant, is, to some extent, dependent on
the guality of food available and this, in turn, may be influenced by
environmental factors. A number of authors have suggested that the
success or capacity for increase of an insect is dependent on the guality
of its food resource (Davidson and Henson, 1929; Evans, 1938; Rawlings,
1953; Clark, 1962, 1963; House, 1962, 1965, 1966 a and b; van Emden,
1969; Kimmins, 1971; van Emden and Way, 1973; Southwood, 1973; Williams

et al, 1983) and this has been discussed at some length in previous
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sections of this review.

White (1966, 1974, 1976, 1978) proposed that plant stress or
water deficit increases the "available nitrogen" in the plant which in
turn increases the survival of the first instar of insect herbivores
resulting in an outbreak of the insect. Occasions of increased insect
performance such as lower mortality, increased development rates and
higher fecundity have recently been recorded on plants supplied with
nitrogen fertilizers (Rahier, 1978; Sementer et al, 1980; McClure, 1980;
Myers and Post, 1981; Prestige, 1982). However the influence of a
supraoptimal supply of nitrogen on plant phenolics, as described by
Graham (1983), must be considered when assessing such data. Insect
performance has also been found to increase when considering favourable
field variations in nitrogen content (Kimmins, 1971; Fox and Macauley,
1977; Onuf et al, 1977; Webb and Moran, 1978; Myers and Post, 19881;
Tabashnik, 1982), Nevertheless there is a paucity of evidence for the
induction of insect outbreaks or increased survival as a consequence of
plant water. stress, The evidence available in many records is more
coincidental or circumstantial than factual, See: Wellington et al 1950;
Taylor, 1955; Van der Laan, 1959; Grimalskii, 1977; Wenz, 1977; West,
1979; Mason, 1981; Moriondo and Covassi, 1981; von Seitschek, 1981; who
recorded incidences of disease outbreaks associated with the occurrence
of drought or abnormally low rainfall,

Working with aphids it has been found that water stress may
produce negative effects on their performance such as reduced feeding,
increased number of alatae, decreased survival and fecundity (Kennedy,

1958; Kennedy et al, 1958; Kennedy and Booth, 1959; Sumner et al, 1983),
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However using aphids or phloem feeding insects to test the influence of
plant water deficlency on insect populations leads to difficulties in
interpreting the results, since these insects rely on plant turgor
pressure for feeding, and lower plant turgor pressure will reduce the
uptake of food (Kennedy et al, 1958; Kennedy and Booth, 1959).
Consequently a number of conflicting results have been reported
concerning the performance of aphids on water stressed plants. De Vries
and Manglitz (1982) found no variation in the survival and reproduction

of the spotted alfalfa aphid (Therioaphis maculata Buckton) on droughted

lucerne, and Wearing (1972) found that intermittent water stress

increases the survival and fecundity of Myzus persicae and Brevicoryne

water stress,

Very little work has been done using chewing phytophagous
insects. Haglund (1982) reports that proline and valine, amino acids
which commonly increase in water stressed plants, increases feeding in
grasshoppers., Contrary to these findings Bright et al (1982) found no
increase in the feeding or performance of a number of insects, snails and
powdery mildew on high proline barley varieties, and Miles et al (1982 a
and b) found no increase in survival, rate of development and fecundity

of Pieris rapae and Paropsis atomaria on water stressed plants,

Research has shown that insects accept a range of nutrient
concentrations in their food (Auclair, 1965; Dadd and Mittler, 1965; van
Emden, 1966; Dadd and Krieger, 1968; Mittler and Klienjan, 1970; van
Emden and Bashford, 1971; Beck, 1974; Cobbinah et al, 1982), Variations

beyond the acceptable range of host nitrogen content may be
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disadvantageous (Carrow and Graham, 1968) unless insects have been
preconditoned to accept them (Cobbinah et al, 1982), or are able to vary
their ingestion rates to accommodate the change in their food (Slansky
and Feeny, 1977; Miles et al, 1982 a and b). Low nitrogen levels may be
critical to insects adapted or conditioned to a high nitrogen diet and
high nitrogen critical to insects normally feeding on low nitrogen foods.
This may explain the variation in response to water stress observed

between the two aphid species studied by Wearing (1972),

In view of the contradictions apparent in the considerable body
of research attempted on these matters and the problems with such a
general theory by White (1966), I decided to select a test animal that
was oligophagous within the Myrtaceae. Additionally I wanted one which
had been shown to respond mainly to secondary plant compounds such as
antifeedants in selecting its food and moreover, one which might
demonstrate a number of survival curves indicated by Slobodkin (1962).

Uraba lugens (Lepidoptera: Nolidae) demonstated all of these

charactistics and, as well fed reasonably well on artificial diets
(Cobbinah, 1978). This enabled me to examine stress in the food plants on
the survival, fecundity and growth rate of U. lugens and to test the
influence of nitrogen components in the diet both upon Slobodkin I and
Slobodkin IV survival curves. In the former, increased available nitrogen
could be tested for an increase in survival of the late instars where in
nature, most mortality is recorded for U, lugens. In the latter I could
determine whether increased nitrogen could compensate for observed

mortalities where a diet was in some way inadequate., By these researches
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I hoped to be able to indicate clearly where and at what level, if any,
increased nitrogen affected survival and the other biological parameters
I might wish to examine., My reason being that if nitrogen did influence
U. lugens in a way similar to that suggested by White (1966) for other
insects, then it may well be, at some critical level, a rise in total
nitrogen that might be involved whereas at another, perhaps higher level,
the influence could be found in sensitive increases of particular amino

acids necessary to insect nutrition (Dadd and Mittler, 1965; House, 1965,

1969; Dadd and Krieger, 1968).






Figure 2.1.1.

Eucalyptus microcarpa in South
Australia subjected to continual
damage by Uraba lugens.







Introduction.

2.1 THE BIOLOGY OF URABA LUGENS WALK.

The gum leaf skeletonizer Uraba lugens Walk. is an important
defoliator of many Eucalyptus species and certain closely related species
described by Walker (1863) its taxonomy has been subject to considerable
tergiversation as discussed by Cobbinah (1978). Thirty years prior to
(Wlk.) and before that, had been assigned to a variety of different names
(Seitz, 1933; Cobbinah, 1978).

Uraba lugens has been recorded in all Australian states,

outbreaks of severe defoliation of host plants being recorded in New
South Wales, Queensland, South Australia (fig. 2.,1.1), Victoria and
Tasmania (Brimblecombe, 1962; Campbell, 1962; Harris, 1974) and Western
Australia (Morgan pers. comm.,1984). In South Australia U, lugens is
widespread occurring from sea level to about 1000m elevation and from
coastal to inland and riverine habitats (Morgan and Cobbinah, 1977).
Campbell (1962; 1966, 1969) recognised two biological forms of the
species in New South Wales. The highland form which has thirteen larval
instars and eggs are laid in a flat raft of up to 200 with adjacent eggs
touching; and'the coastal or lowland form which has eleven larval
instars, eggs are laid in masses of upZiOO and arranged in parallel rows

one egg diameter apart. Morgan and Cobbinah (1977) suggested that the two



Figure 2.1.2,
Biology and feeding patterns of
Uraba lugens during initial instars.

(a) Egg batch of U. lugens on
Eucalyptus camaldulensis.

(b) Feeding pattern of first instar
larvae after eclosion,

(c) Feeding damage by first and second
instar larvae on E, camaldulensis.
Also demonstrates the gregarious
nature of early larval instars.







Figure 2.1.3.

Biology and feeding patterns of
Uraba lugens.

(a) Second and third instar larvae
feeding on Eucalyptus camaldulensis.

(b) Skeletonization of an E., microcarpa
leaf following eclosion. Also note
the presence of larval moulting
casts,

(c) Fifth and sixth instar larvae plus
moulting casts,






Figure 2.l1.4.

Feeding damage by Uraba lugens on
Eucalyptus camaldulensis.

(a) Skeletonization by initial instars
(1st - 5th), known as flagging.

(b) Defoliation of a sapling by late
instar larvae,
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biomorphs described by Campbell may be temperature induced. The
biological form of U. lugens in South Australia has characteristics
ascribed to both biomorphs. The larvae have an average of eleven instars
ranging from eight to thirteen, while egg batches range in size from 20
to over 500 (Cobbinah, 1978) and are arranged in essentially parallel
rows where they may be almost touching to more than one egg diameter
apart (fig. 2.1.2 a).

The insect is bivoltine in all regions of Australia except
Western Australia where it is univoltine (Curry pers. comm. 1984). The
winter generation is completed in late October to early December and the
summer dgeneration is completed within the period of March to May.
Univoltine insects are adults in February / March,

The egg incubation period is dependant on temperature and varies
from three to four weeks in summer and four to six weeks in winter
(Morgan and Cobbinah, 1977; Cobbinah, 1978). The larvae of U, lugens are
overtly gregarious during the first to fourth stadia (fig. 2.1.2 c),
skeletonizing the leaves around the egg mass immediatly after eclosion
(fig. 2.1.2 b) and later extending their feeding over the remainder of
the leaf (figs. 2.1.2 b,c and 2.1.3 a, b, c) The skeletonizing habit of
the larvae persists to the fifth stadium, when individuals move to feed
on leaf edges (fig. 2.1.4 b) accompanied by a breakdown in the gregarious
behaviour pattern apparent in the earlier larval stages. Larval
development is completed in 60 to B85 days during summer and 130 to 180
days in winter (Morgan and Cobbinah, 1977). Pupation occurs mainly in the
soil however pupae have also been observed under bark or on leaves of the

host tree. Pupal duration also varies with temperature, laboratory
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observations have revealed that at 15°C the pupal period is approximately
26 days whereas at 28°C the pupal period is decreased to 10 days (Morgan
and Cobbinah, 1977).

The adults of U. lugens do not feed. The females oviposit on a
Campbell, 1966; Cobbinah, 1978) however survival of the larvae on the
hosts selected is not assured (Morgan and Cobbinah, 1977). The majority
of "egg hosts" are either unsuitable for larval establishment or the
larvae that begin feeding do not survive to adults. Acceptance of any
"egg host" by larvae normally occurs soon after eclosion and may vary
from ready acceptance and mass feeding to feeding that is not sustained
after initial tasting followed by larval dispersion. Thus the egg hosts
of U. lugens include highly suitasle plants on which larval survival is
high and less suitable plants on which larval survival is low or

non-existant.

2.2 FOOD PLANTS OF U. LUGENS

The host plants of U. lugens can therefore be divided intoc three
categories:
(1) Good host plants, high survival (greater than or
equal to 80%) of 1lst — 4th instars (figs. 2.2.1
and 2.4.1 e,f).
(2) Intermediate host plants, where 20 -50% of larvae

survive to 4th instar (fig. 2.4.1 c,d).



Figure 2.2.1.
Eucalyptus camaldulensis a good food
plant for Uraba lugens,

(a) In foreground, an example of a
mature E. camaldulensis tree.

(b) Newly mature leaves of
E. camaldulensis,







Figure 2,2,.2.
Eucalyptus platypus a poor food plant for
Uraba lugens.

(a) A mature E. platypus in centre
foreground.

(b) Leaves and flower buds of E. platypus.
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(3) Poor host plants, where fewer than 15% of the larvae
survive to 4th instar (figs. 2.2.2 and 2.4.1 a,b).

Cobbinah et al (1982) explained the variable acceptance by
larvae of food plants by the presence of antifeedants in a threshold
effect. However Cobbinah pointed out that the presence of antifeedants
does not necessarily explain the variable suitability of "good" food
plants when assessed on growth rate, survival and fecundity, and credited

nutritional variation to be an influencing factor.

2.3 SLOBODKIN'S SURVIVAL CURVES.,

Slobodkin (1962) postulated four basic forms of survivorship
curves for animal populations (fig. 2.3.1). In the Type I survival curve
the mean, median and maximum life expectancy at birth are almost equal,
so that the mortality is concentrated on the old animals.

Type II represents a system in which a constant number of
animals die per unit time, regardless of the number of animals remaining
(i.e. a constant number of deaths per unit time).

Type III represents a system in which the risk of death is
constant with ége (i.e. a constant proportion of the animal population
die at each age).

Type IV represents a population in which mortality mainly
affects the young animals (i.e. the mean life expectancy of any
individual increases with age).

The Type IV curve is probably the most common in nature,

although natural populations in.general do not conform to any one of



Figure 2.3.1

Slobodkin's Survival Curves.
After Slobodkin (1962) p 35

"Growth and Regulation of Animal
Populations."
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these curves. Typically, dfferent ages are susceptable to different
sources of mortality, producing a survivorship curve that is a composit
of the various curves possible. Most animals that have a distinct larval
stage followed by metamorphosis into an adult condition have extremely
high mortality in the young stages or in the transition from one mode of
l1ife to another. This group includes most fish, coelenterates, crustacea
and insects. Slobodkin points out however that the survivorship curve is
not a constant character of a population or even a species. Although the
general shape of the curve does not alter greatly, the actual duration of
life and the details of curve shape are extremely sensitive to the sex
and genotype of the individuals and more importantly to environmental

conditions.

SLOBODKIN'S SURVIVAL CURVES.

Morgan and Cobbinah (1977) and Morgan (unpublished data)
examined the acceptability of different "egg hosts" by U. lugens and the
insect's subsequent survival on these plants. Considering these
observations, the following pattern emerges (fig 2.4.1). On a poor host,

for example Eucalyptus astringens or E. platypus the survival curve is

comparable with that of a Slobodkin Type IV (fig. 2.4.1 a and b). A small
number of larvae may survive to adults in some years, however this is
rare and larvae generally do not survive past the fourth stadium. Other
food plants on which U. lugens follows a survival curve similar to that

of E. platypus and E, gardineri (fig. 2.4.1 b) are: E, dives;



Figure 2.4.1

Survival of U. lugéns larvae on
different egg hosts.

(a) Survival curve on a Poor Food
Plant, viz. E. astringens,
E. globulus, and E. obliqua.

(b) Survival curve on a Poor Food
Plant, viz,.

E. gardneri

=
]

PlatVPUS s o s o e o s e

(c) Survival curve on an Intermediate
Food Plant, viz, E. sideroxylon,

(d) Survival curve on an Intermediate
Food Plant, viz. E, fasiculosa.

(e) Survival curve on a Good Food
Plant, viz. E. camaldulensis,

(£f) Survival curve on a Good Food
Plant, viz., E., lehmannii,



% SURVIVAL % SURVIVAL

% SURVIVAL

POOR HOST PLANTS

100 — 100
(a)
75— 75—
. H
< i
50— 2 50}
> t
3 t
25 — 5’, 25—
0 * 0
. T . T T T T
2 4 6 8 10 P 2 4 6 8 10 PA
STADIA STADIA
INTERMEDIATE HOST PLANTS
100 — 100 |
(c) (d)
75— 75
|
<
50 > 50
>
o
" = -
25 > 25
0 * o
I | T T T | I | 1 I LI
2 4 6 8 10 PA 2 4 6 8 10 PA
STADIA STADIA
GOOD HOST PLANTS
100 100 —
(e) (4]
-4
Z 50
50_ >
[+ 4
25— 2 25 -
R
o o
T I I | | L T | | 1 1 L
2 4 6 8 10 PA 2 4 6 8 10 PA

STADIA

STADIA



43

E. drepanophylla; E. eremophila; E, fergusoni; E. gillii; E. kybeanensis;

(fig. 2.4.1 c¢) the survival curve is similar to a Slobodkin Type III. In
this case survival past the fourth stadium is greater than 20%. Other
examples of intermediate hosts for U. lugens are: E., angophoroides;

E., aromophloia; E. botryoides; E. dawsoni; E. guilfovlei;

E. largiflorens; E., nortoni; E. orgadophylla; E. propingua; E. robusta;

E. tereticornis and E. viminalis.

d) is similar to that of a Slobodkin Type II curve and approaches the
survival curve representative of a good host, For larvae on a gond food

plant such as E. camaldulensis and E. lehmannii, the survival curve

approaches that of a Slobodkin Type I (fig. 2.4.1 e and f). Survival is
high in the initial stadia but decreases rapidly after the eighth
stadium, Other examples of good food plants for U, lugens are:

E. citriodora; E. maculata; E. moorei; E, occidentalis; E, odorata and

White (1966, 1978) proposed that most herbivorous insects
usually remained at a low level of abundance relative to the apparent
abundance of their food because most of them die in the early instars
from a relative shortage of nitrogen in their food. This idea has been
further substantiated by the work of Mc Clure (1979, 1980) on elongate

hemlock scale, Forina externa Ferris; Myers and Post (1981) on cinnabar

moth; and Tabashnik (1982) on Colias spp.. All these authors found that

larval survival was related to the nitrogen content of the plant. So that



Figure 2,4.2.

White's Hypothesis in the context of
Slobodkin's Survival curves.

(a) An insect with survival curve Type IV,

Host plant at normal
conditions.

Host plant with a higher
nitrcgen content,

(b) An insect with survival curve Type 1.

Adequate host plant

Inadequate or low
nitrogen host
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nitrogen was purported to be the limiting nutrient for larval growth,
survival and adult fecundity.

It is known that plants subjected to drought respond with an
increase in free amino acids (Hsiao, 1973; Singh et al, 1973 a and b).
Wwhite (1966, 1974, 1976) therefore hypothesised that plants become a
richer source of nitrogen to herbivores when stressed by random
fluctuations in the summer and winter rainfall, this higher availability
of nitrogen in the host plant leading to a higher proportion of young
insects surviving. Relating White's hypothesis to Slobodkin's Survival
Curves it is considered that most phytophagous insects generally follow a
Type IV curve (fig., 2.4.2 a). An increase in the leaf nitrogen content
due to an environmental stress such as drought may therefore shift this
curve toward that of Type III. The converse may also occur (fig., 2.4.2
b). An insect with a survival curve of Type I while feeding on a good
food plant may show a shift toward a Type II curve if fed on an

inadequate food plant or one having a lower nitrogen concentration .



Chapter 3
The Influence of Individual Amino Acids Incorporated Into
Artificial Diets, on the Biological Performance of

Uraba lugens Walk.




The influence of individual amino acids incorporated into
artificial diets, on the biological performance of

Uraba lugens Walk.

3.1 INTRODUCTION.

Many studies on the nutritional attributes of amino acids in the

insect diet have been made. Taylor and Bardner (1968) concluded that the

\

larvae of both Phaedon cochlaeriae Fab. and Butella maculipennis Curt.

developed at a greater rate on younger plants with a higher protein

content, While Davis (1975) determined the' Tenebrio molitor L. required

the same ten essential amino acids as most other insects (i.e. L-valine,
L-leucine, L-threonine, L-lysine, histidine, arginine, methionine,
phenylalanine, tryptophan and iso-leucine). Pseudosarcophaga affinis
(Fall,),reared aseptically on chemically defined media, showed that food
lacking these amino acids failed to support larval growth (House, 1954).
Omission of glycine from its diet also lowered the rate of growth and few
individuals developed beyond the first instar. Using the European corn

borer, Pyrausta nubilalis Hubner, Beck (1950) also found that growth rate

and development of the larvae was suppressed on nitrogen deficient diets,
Incorporation of a number of amino acids in an agar-based purified diet
for P. nubilalis increased the average feeding time of the larvae (Beck
and Hanec, 1958), this being most noticeable for the diets containing
L-alanine, DL-O-aminc-n-butyric acid, L-serine and L-threonine,

A negative effect on feeding time occurred on diets containing
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L-tryptophan, L-arginine, B-alanine. The effects of L-amino acids on
feeding was found to be correlated with their molecular weights and their
water solubilities. Hsiao and Fraenkel (1968) demonstrated that the
molecular configuration of an amino acid had a profound influence on its
effectivness as a feeding stimulant. All amino acids that stimulate
insect feeding have molecular weights less than 126 (Hsiao and Fraenkel,
1968), while those that can be categorised as attractants are water

soluble. Feeding experiments on spruce budworm Choristoneura fumiferana

(Clem) larvae revealed that it was stimulated by the presence of
L-proline (Heron, 1965) an amino acid highly soluble in water and of low
molecular weight. Proline is also a phagostimulant for Locusta migratoria
(L.), the amino acids L-threonine, L-cysteine and L-valine showing
similar but somewhat less activity (Cook, 1977). However, Bright et al
(1982) found no increase in the feeding or performance of a number of
insects and molluscs fed barley varieties containing high levels of
proline, over those fed barley with lower levels of proline.

Proteins and /or the presence of freg amino acids, both appear
to influence phagostimulation and growth rate of insects. Female
bushflies fed high protein diets immediately develop eggs (Jones and
Walker, 1974). Dabrowski and Bielk (1978) found mite fecundity to be
positvely correlated with the nitrogen content of their diet and the
presence of specific amino acids. Labeyrie (1969,1978) has commented on
the influence of food quality and quantity on the reproductive potential
of female insects and van Emden (1965) showed that fecundities of

Brevicoryne brassicae (L.) and Myzus persicae (Sulzer) were positively

correlated with the amount of soluble nitrogen in their diets. Since the
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development of an insect from pupa to adult is achieved through the
process of cell differentiation and this involves the formation and
utilization of proteins, dietary proteins and free amino acids must play
a major role in growth, development and reproduction of insects.

The influence of a number of free amino acids on growth,

survival and fecundity of Uraba lugens Walk. was therefore investigated.

Since adult females of this species select plants for oviposition and
there is a range of survival and growth rates of their progeny on the
different egg hosts, it seemed possible that additional dietary nitrogen
may increase acceptance, growth, survival and fecundity of U, lugens
larvae, that by adult selection, were located on poor food plants (see
Morgan and Cobbinah, 1977)., This view is supported by Beck and Hanec
(1958) and Hsiao and Fraenkel (1968) who indicated that different amino
acids may vary in their influence on insect performance. It seemed
possible that proline and valine may significantly increase larval
phagostimulation and / or acceptance of test diets, and that larval
growth rate and adult fecundities could also be enhanced because of the
low molecular weights (less than 126) and high water solubilities of
these amino acids. Proline is also of considerable interest because of
its marked increase in stressed plants (Singh et al, 1972, 1973). On the
other hand an excess of these amino acids in an artificial diet may
reduce the insect's feeding response by "masking" the nutritional wvalue
of the diet and hence result in a decrease in insect performance

(White, 1974).
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It seemed appropriate therefore, to test U, lugens on diets that

embraced a range of concentrations of free amino acids previously shown

to effect insect performance. One might be able to demonstrate whether
its performance could be influenced not only by the amino acid supplied
but also by its concentration in the diet. Cobbinah et al (1982) had
demonstrated that U. lugens was influenced by the proportion of leaf
powder from a good food plant. Thus they showed that thresholds of
compounds in diets may be the basis upon which a food plant may be rated
on a scale from non-food plant to good-food plant, That is, components of
the food governed its acceptability and suitability to an ingect (see

also Feeny, 1968, 1970).
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3.2 MATERIALS AND METHODS.,
3.2.1 Diet.

A meridic base diet was prepared using, Davis'
Bacteriological Agar, cellulose, sucrose and leaf powder. The proportions
of these main ingredients were varied from those used by Cobbinah (1978)
whose original agar diet formulated for U, lugens was found to be of
unsuitable consistency.

Artificial diets representing good and poor host plants were

prepared from the two egg hosts (Cobbinah et al, 1982) Eucalyptus

camaldulensis a preferred host for U, lugens in nature and Eucalyptus

platypus upon which oviposition is frequently recorded but no larvae
survive to the final instar.

The leaf powder component was prepared as follows: Fresh leaves
were collected from the field and immediately placed and retained in
liquid nitrogen to arrest metabolic processes and to ensure minimal
deterioration of their chemical components. They were then ground in a
mortar and pestle under liquid nitrogen, the resulting fragments being
freeze-dried for 48 hours. After freeze-drying the leaf material was
further ground.in a Wiley Mill until it passed through a 0.5 millimeter
screen, the resultant powder being stored in a dry environment at f20°C
until use.

The base diet was made up in the proportions 1.0g Davis'
Bacteriological Agar, 1.5g cellulose, sucrose at 0,01 molar and 6% (by
weight) leaf powder, to 30ml water. An antifungal agent, Tegosept M

(HOC6H4COOCH3 supplied by Merck) at 0.05% (by weight) was also added,
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this delayed fungal growth on the diet for approximately ten days once
the diet had been exposed to aerial spores.

Sucrose was the phagostimulant for the insect (Cobbinah, 1978).
Cobbinah showed that larvae of U. lugens were stimulated to feed on sugar
diets at concentrations ranging from 0.0l molar to 0.1 molar sucrose, the
feeding response increasing with increasing concentration from poor or a
low level of larval feeding to a point where all larvae fed on the diet
presented. The concentration chosen for this experiment was the point at
which larval feeding responses were intermediate so that consumption of
the diets would not be due only to larval response to sugar.

Cellulose was added to maintain a "hard" consistency, thereby
increasing the attractiveness and mechanical quality of the diet since
U. lugens prefers to feed on firm to tough newly mature and mature leaves
of its food plant (Cobbinah, 1978). In the E., platypus diet it was
necessary to incorporate a greater amount of the binding agent, agar
(1.5g), since the E.platypus diet was found to be inferior in consistency
and texture when containing the same proportiors of ingredients as the

E. camaldulensis diet. The added agar, though a protein, is nutritionally

inert to insects (Vanderzant, 1969).

The amino acid additives were selected by means of scoring
individual amino acids according to their influence on feeding, growth,
and development of insects previously studied. A spectrum of amino acids
was therefore obtained ranging from amino acids with considerable
influence on growth and development to those with little such influence.
The amino acids selected (table 3.2.1.1) include four of the essential

amino acids, i.e. L-arginine, L- methionine, L-valine and L-tryptophan,
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as well as L-proline, often present in large quantities in stressed
plants and aspartic acid which attained a low score in the selection
procedure. The selection provided a spectrum that was likely to encompass

negative to strongly positive responses.,

Table 3.2.l1l.1 Amino acids incorporated into test diets.
Amino Acid Abreviated Molecular weight
Proline Pro 115
Valine Val 117
Aspartic acid Asp 133
Methionine Met 149
Arginine Arg 174
’ryptophan Try 204

A further treatment incorporated all test amino acids in the the base
diet.

The amino acids were incorporated at two concentraticns, 0.01
molar and 0.05 molar. The diets were prepared in the following manner: an
0.05% Tegosept solution was made up with distilled water. Thirty
milliliters of this was then transferred to a beaker containing weighed
amounts of agar, cellulose, sucrose and the respective amino acid, This
mixture was brought to the boil whilst being rapidly stirred. After the
mixture had boiled, it was removed from the heat source and vigorously
stirred while cooling. Just before the mixture solidified, the
pre-weighed amount of lyophilized leaf powder was added, the diet being
poured into a heat sterilized petri dish. The diets were prepared in

advance and were stored at +1° C where they could be kept for up to three
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weeks without obvious deterioration.

Two control diets were used: (1) fresh diet; (2) base diet
(artificial diet containing leaf powder of the species under study but no
added amino acids). The test diets consisted of base diet plus the test
amino acid. The experiment consisted of six individual amino acid
treatments each at two concentrations - high (0,05 M) and low (0.01 M)
and a combination of the test amino acids. There was therefore a total of
2+ 2+ (7)2+ (7)2 = 32 treatments with 10 replicates per treatment.

The diet was presented as a 16 mm diameter disk cut with a
sterilized cork borer with a triangular cavity cut into the top since the
larvae feed on edges. This was placed in a sterilized 9 cm diameter petri
dish and five caterpillars that had just moulted to the fourth instar

were placed in each control and test arena (see section 3.2.2).

3.2.2 Insects.

Early instar larvae were collected from the field from

Eucalyptus microcarpa, a good food plant not inzcluded in the test
diets.This was done to avoid% the effect of possible "parent imprint"
(Jermy, 1965; Hovanitz, 1969). Larvae were fed on fresh leaves of

E. microcarpa %n laboratory cages until they reached the fourth stadium,
The fourth instar larvae were fasted for twenty four hours before being
placed on the test diets. Larvae younger than this stadium were found to
have a high mortality rate due mainly to their gregarious behaviour and a
dfficulty in their utilization of the diet as presented. Young larvae

tended to fall off the test diets and were unable to re-establish

themselves on the diet due possibly to poor locomotor ability, unless in
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a high concentration of individuals. Five fasted larvae were weighed and
then placed on each of the test diets in a heat sterilized petri dish and
reared at a constant temperature of 25°C and a 15 hour light period.
Treatments were each scored for the number of insects on or off
the diets at 15 minute intervals over two hours. This was to determine
diet acceptability. The insects were then retained on the diets for five
days after which the diets were renewed. From then on the diets were
renewed every five days with the exception of the fresh diet which was
renewed daily. When the test animals moulted faecal pellets in each arena
were counted and the newly ecdysed insects were re-weighed before they
began feeding again. This data was used to estimate weight gained on the
individual test diets. Since production of faeces is positively
correlated with the amount of diet consumed (Cobbinah, 1978) an estimate
of diet consumption could also be made. Survival was also recorded at
this time. Following pupation, the pupae were sexed and the females
individually weighed to estimate their potential fecundity using the
regression established by Cobbinah (1978): y = 5.94x - 193.26 where x =

female pupal weight (mg), and y = potential number of eggs.
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3.3 RESULTS AND DISCUSSION.

3.3.1 Diet acceptance

Since there was no significant difference in the
larval acceptance of any presented diet with time, time 4 (60 miutes on
diet), which was considered adequate for test insects to settle and
respond to the diet, was analysed to determine any trends present in the
data (fig. 3.3.1.1 and table 3.3.1l.1; see appendix 3.3.1.1 for raw
data).

By comparison with the control diets, base and fresh, the test

diets including leaf powder of E, camaldulensis may be related as

follows:

Base diet: Equal to: E. camaldulensis + proline

+ methionine
+ arginine
and E. platypus + combined amino acids
+ proline
+ methionine (0,01 M)

Inferior to: E. camaldulensis + valine

+ tryptophan
+ combined amino acids
Fresh

and E. platypus + valine

+ tryptophan
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Superior to: E. camaldulensis + aspartic acid
and E., platypus + methionine (0.05 M)
+ arginine
+ aspartic acid
Fresh

Fresh E. camaldulensis:

Equal to: E. camaldulensis + valine

+ tryptophan

+ combined amino acids

and E, platypus + valine
+ trvoptophan (0,05 M)
Superior to: all other diets including

base and fresh E, platypus

The acceptance by larvae of fresh E, platypus compared with the other
test diets is as follows:

Equal to: E, camaldulensis + aspartic acid (0.01 M)

and E. platypus + aspartic acid (0.01)

Inferioxr to: all other diets.



Figure 3.3.1.1

Acceptance by larvae of diet at Time 4
(measured as mean larval number on diet).

(a) Amino acids at 0.01M.

(b) Amino acids at 0,05M,
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Table 3.3.1.1 Mean number of larvae on diets at time
interval IV (one hour after placement
on diet) indicating larval acceptance

of diet.
E. camaldulensis E., platypus
Diets + amino acid + amino acid
Amino
acid Conc.
val 0.01 51,0 a 4.5 a
0.05 4.2 b 4.2 a
Try 0.01 3.8 b 3.5 ab
0.05 4.3 ab 3.7 ab
Combined 0.01 3.6 b 2.1 c
0.05 4,0 b 2.9 bc
Pro 0.01 3.2 be 2.9 bc
0.05 3.3 be 2.5 bc
Met 0,01 2,9 bec 1.9 cd
0,05 2.5 bec 1.7 cd
Arg 0.01 2,3 cd 0.8 e
0.05 2,5 be 1.0 de
Asp 0.01 1.2 e 0.5 e
0.05 1.6 de 1.6 cd
Base - 2.6 be 2.0 c
Fresh - 4.3 ab 0.6 e

L.S.D, = 1.58, P = 0.001.
L.S.D. = 0,79, P 0.05,
Different letters in columns 3 and 4 indicate those
values that are significantly different at P = 0,05,
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The most acceptable test diets were not significantly different

from fresh leaves of the common food plant E. camaldulensis. Perhaps the

most interesting results were those where test diets were inferior to.
base diet and where the poor food plant leaf powder diets were superior
to both base diet and fresh diet of E. platypus. Such results demonstrate
that addition of certain nutrient compounds can induce U. lugens to
respond poorly to diets where they are incorporated (examples here are
arginine ard aspartic acid at the lower concentration) while
incorporation of other individual components such as valine and
tryptophan induce much greater acceptance of the diets presented. It is
also apparent that specific amino acids and their concentrations in the
diets affected the larval response such that a gradient from high
acceptability (e.g. fresh diet) to low acceptability (i.e. equivalent to
base diet) may be obtained.

As valine and tryptophan both induced high acceptability of
diets based upon E. platypus leaf powder one may conclude one of two
reasons for this. Either these amino acids are acting as arrestants or
they are imﬁroving the palatability of the diets into which they are
incorporated. Which of these is responsible may be discovered by
examination of relative diet consumption rates, survival rates and growth

rates presented in the next sections.



3.3.2 Diet consumed

This was determined by counting the accumulated number
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of faecal pellets over 5 days in each arena and calculating mean values

for each diet since consumption is positively correlated with faecal

pellet production (Cobbinah, 1978). The data is represented in table

3.3.2.1 and figure 3.3.2.1.

Table 3.3.2.1

Mean faecal count * SE per test arena

for 5 days
E. camaldulensis E. platypus

Diet

Conc. 0.01M Conc. 0.05M Conc. 0.01M Conc. 0.05M
Pro 621 * 36.4 ad 624 * 18,0 ad 243 t 26.7 ae 326 * 42,3 ad
val 435 * 47.1 bd 588 + 34,0 ad 414 + 48.8 ad 353 + 36.0 ad
Asp 630 + 47,5 ad 503 * 30.5 ad 287 £ 26,4 ad 317 +* 24,7 ad
Met 1142 + 50.6 ad 248 * 20,6 cf 432 + 45,9 ad 217 * 12.8 ae
Arg 914 + 60.4 ad 407 + 21.5 cd 320 + 38,7 ad 307 + 24.9 ad
Try 572 = 76.2 ad 468 + 38.2 bd 115 + 16.8 af 87 + 15.3 af
*al1l 233 + 40.1 cf 83 * 8,9 cf 112 * 28.3 af 77 £ 10.5 af
Base 364 + 24,3 ¢ - 215 + 21,7 a -
Freshj 495 %+ 67.8 d = 45 + 12,6 £ =

* refers to diet incorporating all the test amino acids.
Analysed as a split plot design,

significance at P < 0,001,

Letters in columns refer to respective fresh and base diets
as follows:

a.
b.
Ce
d.
€.
f.

significantly higher than fresh diet.
comparable with fresh diet.
significantly lower than fresh diet.
significantly higher than base diet.
comparable to base diet.,
significantly lower than base diet.




Figure 3.3.2.1 Mean faecal count on test diets over 5 days

amino acids at 0.01M

amino acids at 0.05M

N\
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In all test diets with the exception of valine at 0.01lM and the
combined amino acid diet at 0.05M, the production of faecal pellets by

larvae on diets containing E. camaldulensis leaf powder was significantly

greater than on diets containing leaf powder of E. platypus (see fig.

3.3.2.1 and table 3.3.2.1). For E, camaldulensis the production of faecal

pellets by larvae on different test diets in descending order is (see fig
3.3.2.1): methionine (0.01M); arginine (0.01M); proline, aspartic acid,
valine (0.05M) and tryptophan (0.01M); fresh diet, tryptophan (0.05M),
valine (0.01M) and arginine (0.05M); base diet; methionine (0,05M) and
combined amino acids (0.01M); combined amino acids (0.05M).

For E. platypus the production of faecal pellets by larvae on
the different test diets in decending order is: methionine (0.01M) and
valine; Proline (0.05M), arginine and aspartic acid; proline (0.01M);
methionine (0.05M) and base diet; combined amino acids (0.01M) and
tryptophan (0.01M); tryptophan (0.05M) and combined amino acids (0.05M);
fresh diet,

In other words, for E. camaldulensis addition to the base diet

of methionine, arginine and tryptophan at low concentrations, proline and
agpartic acid ;t both concentrations and valine at the higher
concentration significantly increases consumption of the diet above that
of fresh leaf material, For E. platypus the addition to the base diet of
methionine, valine, proline, aspartic acid and arginine all at both
concentrations, significantly increases diet consumption above that of
the fresh and base diet although consumption does not significantly

approach that on fresh E. camaldulensis.




60

If consumption of diet is influenced by its nutrient value, its
acceptability and suitability, then the results achieved in this study
indicate that:

(i) food of low acceptability may be made more acceptable by

the addition of certain amounts of specific amino acids
(nutrient components) e.g. valine and tryptophan.

(ii) food acceptability may be decreased by additioa of
certain amounts of specific amino acids (nutrient
components) e.g. arginine and aspartic acid.

(iii) incorporation of all test amino acids did not increase
consumption over base diet or fresh diet for either
eucalypt.

Reasons for this result may include:

(a) that diets rich in nutrients may decrease
consumption compared with those of lesser
nutrient value (Beckwith, 1976; Slansky and
Feeny, 1977).

(b) that incorporation of one component that
decreases consumption in a combination of
components may mean that it still dominates the
insects!' response to that diet.

N.B. The fact that certain diets induced the production of many more

faecal pellets than similar larvae on fresh leaves of a known food plant
could mean that the test diets were increasing ingestion rate because of
a serious deficiency in the nutrient value of those diets. That is lower

nutrient value induces greater ingestion rates as higher nutrient value

-~
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dereases ingestion rate - "incorporation" of nutrient may govern

ingestion rate.

3.3.3 GrO.W-EE

Table 3.3.3.1 Mean fresh weight gain (mg) per test arena
during the fifth stadium * SE.

E, camaldulensis E. platypus
Diet
Conc 0.01M Conc 0,05M Conc 0.01M Conc 0.05M

Pro 21.6 £ 1.5 bd 17.8 £ 1.7 cd {- 1.1 £ 2.7 e 9.1 + 2.3 ad
Val 15.3 = 2.1 ce 6.9 #10.0 cf {- 3.0 £ 1.4 cf -3.7 £ 1.6 cf
Asp* > = e -

Met -0.,1 *+ 1.6 cf {~11.8 + 1,1 cf {- 4,0 £ 1.9 cf {-12.8 % 1.2 cf
Arg 24,3 + 1.9 bd 11.0 + 1,6 ce |- 7.5 £ 7.3 cf |- 1.0 + 2.2 be
Try -4.7 + 1.8 cf |- 6.2 +t 1.8 cf {-10.2 + 1,3 c¢f {- 9.5 £ 0.9 cf
All 6.6 + 1.8 cf |- 1.8 + 1,6 cf 1.3 * 1.8 be |- 2.9 £ 1.7 ce
Fresh| 26.8 £ 2,9 4 = - 0.4 * 0.3 e -
Base 13,4 * 1,6 c - - 0,04 £ 1,6Db -

* missing data.

Analysed as a split plot design significance, P < 0,05.
Letters in columns refer to respective fresh and base
diets as follows:

a. significantly higher than fresh diet.
b. comparable with fresh diet.

Ce. significantly lower than fresh diet.
d. significantly higher than base diet.
e, comparable to base diet.

f. significantly lower than base diet.
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These results show that insect growth on the test diets was
generally poor, indicating that such artificial diets do not usually
compare favourably with natural diet. Nevertheless they are of interest
because they show that growth rate may well be influenced by specific
components in the diet. For instance, valine while increasing the
acceptility of diet from the poor food plant, had little effect on
consumption and growth rate when compared with controls. Arginine
however, had little or no effect on acceptability but generally increased
consumption and increased weight gain (growth rate) compared with the

base diet in E, camaldulensis diets only. This amino acid is known to be

an indispensible dietary component for insects (House, 1958), however it
did not improve the performance of U, lugens on the E. platypus diets.,
This was possibly due to the lower consumption rates on the E, platypus

diet compared to the E. camaldulensis arginine diet. Proline on the other

hand, had a slight affect on acceptability, generally increased
consumption and weight gain at 0.05M compared with the base and fresh
diets for E. platypus.

Methionine and tryptophan significantly decreased weight gain
compared to base diet in both the test species studied, despite an
increase in acceptability in the case of tryptophan and consumption in
the case of both amino acids. It would seem therefore that acceptability
and consumption are not positively correlated as found by Beckwith (1976)
and Slansky and Feeny (1977). Methionine in particular appears to render
the diet inferior to that of the base diet, the insect compensating for

this by consuming greater quantities,
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The concentration of amino acids also affects the growth rate of
U. lugens, weight gain significantly decreasing for larvae on the higher
amino acid concentration. This is particularly evident in the diets

containing E. camaldulensis and as would be expected appears to be

related to diet consumption (tables 3,3.3.1 and 3.3.2.1) which also
decreases on the higher concentration amino acid diets. Therefore the
excessively high concentration of amino acids may "mask" the real
nutritional quality of the diet, the insect responding to this apparent
high guality by consuming less and consequently having a lower growth
rate. Consumption rate and nutrient value therefore appear to have a
combined effect on growth rate and therefore may influence fecundities of

adults from larvae fed those types of diet.

For E. camaldulensis although the final survival of larvae on

artificial diets is significantly lower than the survival of larvae on
fresh diet a number of patterns have emerged (see fig., 3.3.4.1, and
tables 3.3.4.1 and 3.3.4.2).
(1) Base diet + proline (fig. 3.3.4.1 a):
For the early experimental instars survival of larvae on
the proline diet follows closely the survival of larvae
on the fresh diet material. The final survival of larvae
on the proline diet at 0.01M is significantly greater
than that on the base diet but lower than that on fresh

diet,



Figure 3.3.4.1

Survival of U. lugens larvae on different test
diets (percentage based on numbers entering
each stadium).

Fresh foliage

Base diet

Amino acid at 0,.01M
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(c¢) Aspartic acid
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Figure 3.3,4.1 cont,
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Figure 3.3.4.1 cont,.
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Base diet + valine (fig. 3.3.4.1 b):

Is similar in pattern to that of the proline diet with
the exception of the final survival for the high
concentration valine diet. This is significantly higher
than survival on the base diet although lower than
survival on the low concentration valine diet.

Base diet + ;spartic acid (fig. 3.3.4.1 c):

Although survival to the 8th stadium on the high
concentration aspartic acid diet is significantly
greater than survival on the base diet, the survival
curve follows more closely that of the base diet curve.
Base diet + methionine (fig. 3.3.4.1 d):

The curve for the methionine diet is significantly
inferior to that of the base diet. It appears that
methionine in concentrations above that normally
occurring in natural diet results in a "toxic" effect
on U.lugens.

Base diet + arginine (fig. 3.3.4.1 e):

For this amino acid at the higher concentration the
survival curve follows closely the curve for the base
diet. Although survival on the lower concentration diet
is comparable with that on the fresh diet for the 5th
stadium, survival at the 11lth stadium is significantly

lower than survival on the fresh diet.



(6)

(7)
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Base diet + tryptophan (fig. (3.3.4.1 £f):

Again this diet is significantly inferior to that of
the base diet, the curve very closely approaching

a Slobodkin Type IV,

Base diet + all amino acids (fig. 3.3.4.1 g):

For the low concentration diet the curve appears
intermediate between that of fresh diet and base diet.
Survival is significantly less than on fresh diet but
significantly greater than on base diet, For the high
concentration diet the curve is somewhat inferior to that
for the base diet at first but final survival is not

significantly different to that on base diet.



Table 3.3.4.1

Mean % Survival (% SE) of U, lugens in

continuous culture on test diets with 0.01M
amino acid added;
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survival recorded at the end

of the 5th., 8th., and 11th. stadia.
E. camaldulensis E. platypus
Diet Stadia Stadia
5 8 11 5 8 11
Prol 88 + 3.3 82 + 4.7 44 + 8.9 30 £ 7.3 6 + 5,7 0 x0
be be c e c b
val 76 £ 5.0 72 £ 6,1 38 £+ 6.9 22 * 6.3 31 + 5,9 11 £+ 5.9
e bc c e b a
Asp 52 * 6.8 32 + 7.4 18 + 5.9 14 £ 6.0 20 £ 0 00
d e e d c b
Met 32 + 6.8 00 N 22 + 6.9 00 -
d d e e
Arg 98 * 2,0 64 = 2,7 38 £ 6.3 36 £ 9.8 00 .
be e c e e
Try 20 ¢ 6,0 33 + 4,2 33 2 £ 2 20 £ O 0 9
d e 4 d c b
all 72 = 5.3 52 = 9.0 31 £ 7.3 60 *12.2 8 * 3.6 0+0
e c c c c b
Fresh 92 + 4.4 82 +10.1 73 * 8.4 96 + 4,0 46 £ 7.9 2 2
c c c c c c
Base 80 £ 6.6 24 * 6.5 14 + 3,7 30 £ 6.8 0 x0 =
b

Analysed as split plot design, significance P < 0.05.
Letters in columns refer to respective fresh and base
diets as follows:

a
b
c
d
e

significantly higher than respective fresh diet.
comparable to respective fresh diet.
significantly higher than respective base diet.
significantly lower than respective base diet.
comparable with respective base diet.

all values significantly lower than fresh diet unless
otherwise indicated.




Table 3.3.4.2

Mean % Survival (%
continuous culture
amino acids added;

SE) of U. lugens in
on test diet with 0.05M
survival recorded at the
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diets as follows:
comparable to respective fresh diet.
significantly higher than respective base diet.
significantly lower than respective base diet.

comparable with respective base diet.
All values significantly lower than fresh diet unless

QU e

d

otherwise indicated.

end of the 5th., 8th. and 1lth., stadia.
E. camaldulensis E. platypus
Diet Stadia Stadia
5 8 11 5 8 11
Prol 96 t 2.7 88 + 4.4 12 + 5.3 60 + 8.9 36 £ 9.3 3+ 2,9
ab ab a b ab ab
val 70 +£10.0 77 + 7.0 24 + 4.4 48 * 8.5 8 + 4.4 7 £ 6.6
d ab b b b ab
Asp 56 + 7.1 50 + 8.0 2 £ 2,2 16 t 5,8 26 * 6,7 00
c c c b
Met 0x0 - - 00 - =
c
Arg 84 - 4,7 28 * 6,1 8 + 3.7 22 + 6,2 00 -
: ad a d d d
Try 14 + 6.7 30 + 5.8 0+0 10 £ 10 0+0 =
c a c c a
All 30 + 6,8 15 * 7.3 13 + 13 34 £ 9,0 22 = 8.1 4 + 4
c d d d b ab
Fresh 92 + 4,4 82 #10.1 73 t 4,7 96 * 4.0 46 * 7.9 2 + 2
b b b b ab b
Base 80 + 6.6 24 * 6,5 14 + 3.7 30 + 6.8 0t+0 -
a
Analysed as split plot design, significance at P < 0,05,
Letters in columns refer to respective fresh and base
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On the E, platypus diets U. lugens survival did not approach

that on E. camaldulensis diets and only in the case of wvaline at the

lower concentration is its survival significantly greater than that on
fresh diet of E. platypus (table 3.3.4.,1 and 3.3.4.2, fig.3.3.4.1 b).The
following patterns in survival may be seen for the E. platypus diets
(fig. 3.3.4.1).
(1) Base diet + proline (fig. 3.3.4.1 a):
At the higher concentration survival on the proline diet
approached that of the fresh diet curxrve. At the lower
concentration the survival curve follows that on the base
diet although survival is significantly higher at the
8th. stadium than on base diet.
(2) Base diet + valine (fig. 3.3.4.1 b):
Survival on the diets of both concentrations follows
closely the survival curve for the base diet at first
then is significantly greater than that on base diet at
_ the 8th. stadium and significantly greater than surviwval
on fresh diet at the final stadium,.
(3) Base diet + aspartic acid (fig. 3.3.4.1 c):
Survival at first is significantly lower than on bhase
diet, Although survival is higher than on base diet at
stadium 8, but no larvae survive to pupation (see

section 3.3.5).



(4)

(5)

(6)

(7

Base diet + methionine (fig. 3.3.4.1 d):
shows a similar pattern to that observed for larvae on

E. camaldulensis diets incorporating this amino acid

(i.e. Slobodkin type IV curve).

Base diet + arginine (fig. 3.3.4.1 e):

The survival curve for larvae on diets at both
concentrations is not significantly different from
larval survival on base diet.

Base diet + tryptophan (fig 3.,3.4.1 £f):

The survival of larvae to the end of the 5th, stadium is
lower on the tryptophan diet than on the base diet. On
the lower concentration diet survival is significantly
greater than on the base diet at stadium 8 but no larvae
survive to pupatione.

Base diet + all test amino acids (fig. 3.3.4.1 g):

Survival on the low concentration diet is significantly

greater than survival on the base diet although no

larvae survive to pupation, Survival on the high
concentration diet is not significantly different from
survival on base diet at stadium 5, however at stadium 8
it is significantly higher than on base diet and some

larvae survive to pupation,

69
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In consisdering the implications of these data two points need
to be emphasised:

(1) larvae were fed on a good host (E, microcarpa) to the
begining of stadium 4 before being presented with the test diets

and (2) the base diet was not designed as an adequate diet for

U. lugens larval development.

Therefore larvae at the fifth stadium feeding on the artificial
diets may still have been influenced by nutrients and fat body stored
during the period on their previous diet. This may explain the

considerably high survival observed on the E, camaldulensis base diet

(table 3.3.4.1). Since consumption and growth was much lower on the

E, ElEEYPEE diets, survival would naturally be lower. This is
particularly evident in the E. platypus base diet for which there is very
low survival in the fifth stadium and none thereafter. However the high
survival on fresh E, platypus may be due to the nutrient value of these
leaves despite the presence of an antifeedant (Cobbinah et al, 1982).

U. lugens in nature usually do not survive past the fourth stadium on
this egg host, however larvae fed on an acccptable plant up to this stage
and subequently transferred to a non prefered host may survive to
pupation (Cobbinah, 1978).

Therefore in considering the survival data for the fifth stadium
the interesting feature is survival rates below that of the base diet.
Methionine and tryptophan to a lesser degree appear to be toxic to
U. lugens. This is supported by the growth rates found on these amino
acids (table 3.3.3.1). Similar findings have also been reported by Davis

(1956) concerning the deleterious effects of specific amino acids on
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insect performance when incorporated into artificial diets. Although
methionine and tryptophan are "essential" amino acids for insect
development, their concentration in fresh foliage is exceptionally low
compared to other amino acids such as valine (see chapter 6). Therefore
the considerable excess of these two amino acids even in the low
concentration diet was probably significant enough to interfere with the
insects natural feeding patterns and performance.

For survival to the later stadia it is interesting to note those
diets on which the larval performance was greater than that on the

respective base diets. Considering both the E. camaldulensis and

E. platypus diets, the incorporation of valine significantly increased
survival above that of the base diets (fig. 3.3.4.1 b). However on the
combined amino acid diet survival was higher than for larvas on the
respective base diet at the low concentration for both eucalypts. At the
higher concentration survival was comparable with the base diet for the
diet incorporating the good host and higher than the respective base for
poor host diets (fig. 3.3.4.1 g). This may be due to consumption by

U. lugens of this diet (fig. 3.3.2.1) which was significantly lower than
that for other E. platypus diets with the exception of tryptophan.
Although consumption was much lower on the combined amino acid diet the
amount of amino acids ingested in the high concentration diet may have
been sufficient to maintain survival without the toxic effect of

methionine contributing to larval performance.
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3.3.5 Potential fecundity.

Table 3.3.5.1 Mean potential fecundity * SE, estimated from

female pupal weight (mg) from the regression
y = 5.94x - 193.26 (Cobbinah, 1978),

where y = potential fecundity and

x = pupal weight (mg).

E. camaldulensis E. platypus
Diet
Conc. 0.01M Conc, 0.05M Conc., 0.01M Conc. 0.05M
Pro 72,6 * 18.1 73.7 £ 22.8 * *
bd bd
val 91.2 * 16.9 83.7 * 21,1 ** 7.9 ** 127.5
bd bd ad ad
Asp 48,3 * 26,0 * * *
e
Met * * * *
Arg 73.0 * 13.1 65.3 * 43.2 * *
bd bd
Try * * * *
all 86,6 * 20,0 b * ** 42,6
bd ad
Fresh 84,5 £ 12,2 N * -
d
Base 38.6 + 15.8 - * -
c
L] no survival to pupation.

** only one individual.

Analysed as a split plot design.

Due to low pupal numbers replicates from each treatment pooled,
significance at 0.001 < P < 0,05,

Letters in columns refer to respective fresh and base diets as
follows:

a

® QY

significantly higher than fresh diet.
comparable to fresh diet.
significantly inferior to fresh diet.
significantly superior to base diet.
comparable to base diet.
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For larvae fed the E., camaldulensis test diets potential

fecundities of surviving individuals was similar to those fed:- base diet
plus valine (at both concentrations), base diet plus all test amino acids
(at 0.01M), base diet plus arginine (at 0.01M) and fresh leaf material,

For larvae fed the E. platypus test diets the data is limited
due to low survival, however potential fecundities of the surviving
individuals were improved for larvae fed diets containing valine and the
combined test amino acids (at 0.05M) over those on both fresh and base
diets (table 3.3.5.1).

It must be remembered however that fecundity is also a function

of survival. Therefore taking an overall view, the fecundity of larvae

fed the E. camaldulensis test diets was significantly lower than
fecundities on the fresh diet although significantly greater than for

larvae fed the base E, camaldulensis diet, Whereas larvae fed the

E, platypus diets did have higher fecundities than the fresh diet

together with the base diet.

Although the overall performance of U. lugens on artificial
diets does not compare favourably with that on the fresh diet of a good

host (E. camaldulensis) a number of conclusions on the influence of

excess amounts of amino acids on the performance of U, lugens may be

drawn from this experiment.
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(i) Individual amino acids influence the acceptance,
consumption and performance on a diet by varying
degrees compared to the base diet, Valine and
proline to a lesser extent significantly improve
larval performance on E, platypus diets compared to
fresh and base diets.

(ii) The incorporation of specific amino acids
(methionine and tryptophan) at concentrations in
excess of those experienced in nature are
deleterious to insect performance.

(iii) The presence of excessive amounts of nitrogen
"mask" the real nutritional guality of the diet
since consumption is significantly reduced on the
high concentration diets.,

The amino acids valine and proline increase dramatically in
water deficient plants (Singh et al, 1973; Hsiao, 1973). Since the
incorporation of valine in E. platypus di;ts leads to an increase in the
insects performance, the performance of U. lugens on a poor host plant
may be enhanced when this plant is subjected to adverse environmental
conditions such as drought. Therefore the oviposition habit of U. lugens
adult females maj leave open the possibility of coevolution of this
species with egg hosts on which the larvae do not often survive.
Investigation of the effects of water stressed host plants on the
survival and fecundity of U. lugens and variation in the chemical
composition of the host plant in the following chapters may further

explain the results of this experiment,



Chapter 4
The Influence of Variable Nitrogen on the Performance

of Uraba lugens Walk. Feeding on Fresh Diet.




The influence of variable nitrogen on the performance

of Uraba lugens Walk feeding on fresh diet.

4,1 INTRODUCTION.,

The outbreak hypothesis proposed by White (1966, 1969, 1974,
1976, 1978) suggests that the abundance of an insect is dependent on the
proportions of its population surviving in the very early stages of its
development, for example survival in the first stadium. This survival is
thought to F~ influenced-by the proportion of soluble nitrogenous
compﬁunds present in the food plant which in turn is influenced by the
water status of the plant., White's hypothesis therefore consists of two
parts: (1) "water stress" results in an increase in the free amino acids
in the plant; (2) this increase in free amino acids results in a higher
survival rate of the early instars of a phytophagous insect.

It is well known that water stress dramatically increases the
amount of certain free amino acids in the plant's foliage (see review
section 1.7). Implicit in the second part of this hypothesis is the
assumption that nitrogen is the limiting nutrient for an insect feeding
on a plant; moreover the amount of nutrient provided depends on the
growing conditions of the food plant which therefore indirectly regulate
the insect population feeding on it.

A number of researchers have found that the rate of growth of
phloem feeding insects is directly correlated with the amount of soluble

nitrogen in their food plants (van Emden and Bashford, 1971;
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McClure, 1980; Miles et al, 1982a)., However working with such insects on
water stressed plants leads to conflicting results, possibly due to the
insect's reliance on the plant’s turgor (Kennedy et al, 1958; Kennedy and
Booth, 1959).

Chewing insects therefore offer greater opportunities for
determining the influence of a plant's physiological status on the
performance of its insect population. However very little work of this

nature has been done using such a phytophage.

the leaf nitrogen content. However Slansky and Feeny (1977) found that
Pieris rapae (L) had a similar growth rate on different species of
crucifers with variable nitrogen content. A high level of proline, an
amino acid which increases dramatically in water stressed plants has also
resulted in a variable response from phytophagous insects. Haglund (1982)
found that high proline levels increases the feeding rate of
grasshoppers. However Bright et al (1982) working with high proline
barley varieties found no increase in the performance of a number of
insect species, including a grasshopper, fed on these plants. Similarly

when fed water stressed leaves of E. camaldulensis.

Because of such variations in the response of insects to
nitrogen fluctuations in their diet, it was decided to test the influence
of variations in nitrogen content in fresh diet on the performance of
U, lugens by two means. Experiment I: subjecting potted plants of

E., camaldulensis to water stress and recording the survival, development
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and fecundity of larvae fed on these plants. Experiment II: varying the
free amino acid content in the leaves of a range of egg hosts for

U. lugens by standing branches in a number of different aqueous solutions
of amino acids and recording the survival of the first instar.

Eucalyptus camaldulensis is a good food plant for U. lugens

(Cobbinah, 1983), survival of early instars is high, it is only in the
eighth stadium that the survival curve follows the decline typical of
Slobodkin's type I curve (see Introduction chapter 2 fig. 2.3.1 and 2.4.1
e). It would therefore be expected that survival of the early stadia
would not vary significantly from that of the control plants. If White's
hypothesis holds true however survival may be greater in the latter
stadia on plants with a high nitrogen content.

Bucalyptus platypus and E. astringens are poor hosts for

U. lugens (see Chapter 2 fig.2.4.1 a and b). For larvae on E. platypus
there is usually no survival past the fourth stadium and on

E. astringens, no survival past the second stadium. The low survival of
U. lugens on these species has been attributed to the presence of
antifeedants (Morgan and Cobbinah, 1977; Cobbinah et al, 1982; Cobbinah,
1983). However in some seasons on such poor hosts the survival of

U. lugens has been observed to increase, some insects surviving to adults
{Morgan and Cobbinah, 1977; Cobbinah, 1978). Applying White's (1969,
1978) hypothesis, an increase of free amino acids in the plant's foliage
may influence this change in survival. Therefore in Experiment II an
increase in the survival of first instars feeding on poor food plants
artificially provided with a highexr complement of amino acids, could

support the second part of White's hypothesis. This would arise, not
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because nitrogen was in critically low concentrations in the plants, but
because additional amounts of amino nitrogen may counter the affects of

the antifeedants present (see Cobbinah et al, 1982).

4.2 MATERIALS AND METHODS.

4.2,1 Experiment I: The influence of water stress on the performance

of U. lugens

4.2.1.1 Food plants

Saplings of river red gum (E. camaldulensis) were

grown in five litre pots containing river sand and maintained in an
insect proof field cage. The saplings were watered at two daily intervals
and supplied monthly with the water soluble fertilizer "Thrive" prior to
the experiment. For the experiment, saplings of a uniform height (approx.
1m) and vigor were selected and randomly allocated to three watering
regimes (fig. 4.2.1.1.1):
(1) Control: Soil kept in a moist condition by applying
600ml of distilled water per day, so that
the leaves remained turgid. This was assesed
by measuring the angle of the leaf to the

stem (Elias, 1981; Miles et al, 1982 b),



Figure 4.2.1.1.1

Watering regimes for Experiment I.
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(2) Droughted: Watering was ceased until the water
potential reached - 25 bars (measured on a
pressure bomb psychrometer). The saplings
were then watered with 200ml of water per
Qay in order to maintain their stressed
condition, such that the angle of the leaves
to the stem was between 30 - 40 degrees,

a predicted water potential of - 24 bars
(Miles et al 1982 b).

(3) Waterlogged: The potted saplings were placed in 10 litre
water proof containers so that the plants
could be continually flooded with water,

The experiment was conducted in a controlled environment of 30°C
and with a 12 /12 hour light / dark period with four replicates per
treatment, Saplings were equilibrated for three days in the above
conditions and thereafter subjected to the three watering regimes and
equilibrated for a further three days before placing the insects in the
treatments,

————

Egg batches of U. lugens were collected from E. camaldulensis in

the field. One hundred newly ecloded larvae from each egg batch were
placed on the test plants. This was done by cutting around the egg batch
when the eggs were at the black head stage and attaching the remaining
leaf portion and eggs to a leaf on the test plant by means of a paper
clip. Care was taken to ensure a minimal amount of the original

oviposition site remained without harming the attached eggs so that the
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newly eclosed larvae would have to move quickly onto the test plant to
feed. At the sixth stadium larvae were transferred to new test plants
which had been subjected to the same test watering regimes for the same
time. Their numbers were reduced to 20-30 on each plant in order to
decrease the feeding load on the plant. This also reduced disruption of
the larvae by frequently tansferring them to new food plantse.

Larvae were reared through to pupation and the following
parameters were recorded: survival of the first, second, sixth and
eleventh instars; duration of the first seven stadia measured as time
taken in days for 60% of the population to moult to the next instar;
potential fecundity using the regression established by Cobbinah (1978,

1983; see also chapter 3, section 3.2.2).

4,2,2 Experiment II: The influence of variations in nitrogen

concentration in three different food plants on
the survival of first instar larvae for

U. lugens.

Branches with a number of mature leaves were collected from,

E, camaldulensis, E, platypus and E, astringens from the Waite

Agricultural Research Institute aboretum and placed immediately in water.
These branches were transported back to the laboratory where they were
placed in a number of preprepared aqueous solutions of amino acids for
twenty four hours at 25°C.

Egg batches of U, lugens were collected from the field on

E, microcarpa in order to prevent the influence of "parent imprint"
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(Jermy, 1965; Hovanitz, 1969) and transferred to the treatments at the
black head stage as described above (section 4.2.1.2). The number of
newly ecloded larvae were recorded so that an estimate of first stadium
survival could be made. The treatments were maintained at 25°C and in a
twelve hour light period per day for the duration of the experiment.

The treatments were as follows: distilled water; proline at
0.02% (W/W); proline at 0.02% plus glutamic acid, histidine, cysteine,
threonine, leucine, valine, all at 0.0l%. The treatments were replicated

four times.
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4.3 RESULTS AND DISCUSSION.

4.3.1 Experiment I

4,3.1.,1 Length of stadia

Table 4,3.1.1.1 Mean stadial length in days % SD.

Watering Regime
Stadium

Control Droughted Waterlogged
1 4.0 £ 0 4,0 £ O 4,0 £+ O
2 4.5 + 1.0 3.8 = 0.5 3.8 * 0.5
3 4.5 + 0,6 4.5 £ 0.6 4.5 * 0.6
4 4,3 * 0.5 4.5 + 0.6 4.0 £ 0O
5 3.5 * 0.6 3.3 * 0.5 4.0 £ O
6 4.5 * 0.6 4,5 £ 1,0 4,0 £ 0
7 4,3 * 0.5 4,0 £ O 4,0 £ O

Analysed using 2 way analysis of variance,
No significant difference in length of stadia
between treatments (P > 0,05).

rate of U. lugens as measured by stadial length. According to Beck (1950)
dietary deficiencies suppress or retard moulting, therefore it may be

The water status of the plant did not influence the development
assumed that the diets used were nutritionaly adequate for U. lugens.



Figure 4,3.1.2.1 Mean percentage survival of U. lugens
larvae on E. camaldulensis subjected
to three different watering regimes,
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4.3.1.2 Survival. (fig. 4,32,1.2.1)

Table 4.3.1.2.1 Mean percentage survival * SE, of U. lugens
on potted E. camaldulensis in different
watering regimes,.

Watering Regimes
Stadium
Control Droughted Waterlogged
I 100 £ 0 100 + 0 100 * 0
IT 98.2 * 0.5 97.9 * 0,7 90.0 * 1.5
VI 95.7 £ 1.0 90,1 = 1.8 *51,4 £16.3
XI 63.3 * 7.7 54,1 * 14.2 43,8 + 9.4

(78
Analysed using 2 way analysis of vari#nce.
* gignificantly different at P < 0.05 from control.

In general terms the overall survival of U. lugens on

E. camaldulensis was not influenced by the treatment watering regimes.

The significantly lower survival of larvae on the waterlogged plants at
stadium VI was due in part to the experimental design. The larvae at
stadium VI were significantly more active than larvae of the previous
stadia, this behaviour pattern being considerably more obvious in the
stressed treatments probably due to stress - induced changes in the
quality of the food. Larvae at this stage of their development no longer
exhibit the gregarious behaviour necessary to the survival of early
instars (Cokbinah, 1978) and become more active in searching for fresh
feeding sites but this did not explain the noticeable increase in
searching by larvae on the stressed plants. A number of larvae from the

waterlogged treatment were therefore drowned in the water reservoir
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despite the netting secured around the base of the tree which was
designed to prevent this occurring. At stadium VI a fresh netting trap of
stronger material was secured around the base of the sapling which was
surrounded by a non-absorbant cotton wool plug. This measure prevented

such losses in the succeeding stadia.

4,3.1.3 Potential fecundity

Table 4.3.1.3.1 Mean potential fecundity (MPF) % SE, of
U. lugens fed E. camaldulensis subjected
to different watering regimes,

Watering Regimes
Control Droughted Waterlogged
MFP 164 * 26 a 242 + 18 b 229 £+ 21 b
*CNG 5191 6546 5015

Analysed using one way analysis of variance due
to no significant difference between the replicates.
Different letters indicate significant difference at,
P < 0.001.

* Potential contribution to next generation by test
population based on a sex ratio of 1,

The water status of the plant significantly influenced the
potential fecundity of U, lugens. In other words larvae feeding on

E, camaldulensis subjected to drought or waterlogging were 40%

potentially more fecund than larvae feeding on plants under an adequate
watering regime. Since survival was not influenced by the different
watering regimes the potential population for the succeeding generation

of U. lugens fed droughted or waterlogged plants should be greater than
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for larvae fed plants not subjected to water stress. The inference from
these results is that stress leading to higher amounts of certain amino
acids in leaves of a good food plant may slightly decrease survival of

certain instars but significantly increases the size of individuals and

therefore their fecundities.

4.3.2 Experiment II: The influence of variations in nitrogen
concentration in three different food plants on

the survival of first instar larvae of U, lugens.

Table 4.3.2.1 Mean % survival of first instar larvae %* SE.

Food Plant
Treatment E. camaldulensis E. platypus E, astringens
Dist. water 63 %t 22 14 = 2 0.5 = 0.5
Pro 99 + 1 14 = 3 1.3 + 0.8
Pro + Val 100 £ O 20 £+ 3 4,8 + 1.8
+ Glu 94 + 1 16 £+ 2 1.8 * 0.6
+ His 91 + 6 14 =+ 4 1.3 * 0.8
+ Leu 85 + 9 14 £+ 3 2,0 + 1.7
+ Thr . 86 + 2 14 =+ 3 1.8 = 1.8
+ Cys 98 + 2 14 £ 2 1.5 = 0.7
* LP 100 £ O 15 £+ 3 0 + 0

* Living Plant.
Analysed by one way Anova, no significant difference between
amino acid treatments or from living plant control (P > 0.05).
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survival of the first stadium was significantly lower on the

poor egg hosts E. platypus and E. astringens than on E. camaldulensis.

However increasing free amino acids in the leaves of these plants did not
significantly increase larval survival (table 4.3.2.1) as might be
expected from White's (1969, 1978) hypothesis. Although the survival of

larvae on E, camaldulensis in distilled water was observed to be lower

than the live plant control or the proline + valine treatment (table
4.3.2.1), this value was not significantly different. This result can be
attributed to the variation between replicates in the distilled water
treatment where, in one replicate no larvae survived past the first
instar. Since egg batches for this experiment were obtained from the
field and not from laboratory culture it is probable that an unkown
biological factor outside the control of this experiment, may have
influenced the survival of the insects in this treatment.

The effect of the proposed antifeedants (Cobbinah et al, 1982)
present in the poor egg hosts was therefore not significantly overcome by
increasing the soluble nitrogen components of the leaves, although there
appears to be a trend of higher survival on the proline + valine treated
plants. This i; particularly evident for larvae fed E. astringens, where
survival is nine times greater on the proline + valine treatments than
for the distilled water or living plant controls and two to three times
greater than for the other E. astringens treatments. This trend supports
the findings discussed in chapter 3, where the addition of valine to the
E. platypus base diet significantly increased survival of U. lugens

larvae compared to survival on the base and fresh diets of this eucalypt
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(tables 3.3.4.1 and 3.3.4.2). If there is any support for White's (1966)
thesis that increased nitrogen in the food plant influences the outbreak
dynamics of defoliators in these data, it may not be a general increase

in the total nitrogen in the food but rather the increased availability

of specific amino acids that may initiate improved survival of early

instars of a phytophage.

These results suggest that the survival of U, lugens does not
increase on a good host plant subjected to water stress. Although the
survival of U. lugens is high in the initial stadia on such a plant it
might be expected that survival of the latter stadia may be increased if
White's (1966, 1969, 1978) hypothesis is valid, but this did not occur,
This is supported by the work of Miles et al (1982 a and b). However the
capacity for increase in an insect population is also dependant on the
insect's fecundity. The potential fecundity of U. lugens dramatically
increased on water stessed plants (table 4.3.1.3.1). Therefore as the
survival of U, lugens was not influenced by the different watering
regimes its‘capacity for population increase was dramatically enhanced,
unlike the findings of Miles et al (1962 b), where no increase in
fecundity was observed for P. atomaria fed water stressed

E. camaldulensis.

Increasing the soluble nitrogen component in poor egg hosts for
U. lugens also did not significantly increase survival of the first
instar. This suggests that poor survival of U. lugens on these plants is
mainly influenced b& the secondary compounds of these plants as Cobbinah

et al (1982) has indicated. Increasing the soluble nitrogen in plant
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foliage by means other than water stress may not involve the same
physiological processes in the plant's metabolism, Miles et al (1982b)
reported an increase in free amino acids and a decrease in plant phenols

in water stressed E. camaldulensis saplings. It has been proposed by a

number of authors (Feeny, 1968, 1969; Todd et al, 1971; Chan et al, 1978;
Mansour, 1981, 1982; Isman and Duffey, 1982; Mansour et al, 1982;
Sutherland et al, 1982) that phenols render plant nitrogen less available
to phytophagous insects, If plant nitrogen and phenols are negatively
correlated (Miles et al, 1982 b; Morgan, 1984) then it is possible that
nitrogen will be more available to insects feeding on water stressed
plants which may also contain lower levels of antifeedants giving a
two-way benefit to the phytophage attacking them.

The influence of phenols on nitrogen utilization by U. lugens is

therefore investigated in the next chapter.






CHAPTER 5
The influence of phenols on assimilation of diet

by Uraba lugens.

5.1 INTRODUCTION.

Plants are known to contain a wide range of secondary compounds
or allelochemics (long considered as non-nutritional compounds produced
by one organism which affect another, Whittaker 1970). These terpenoids,
steroids, alkaloids and phenols (Whittaker and Feeny, 1971; Harbourne,
1972, 1976, 1977) appear to be involved in the protection of plants
agaiﬁst herbivores, such as primates (Oates et al, 1980), snails
(Geilsman and McConell, 1981), phytophagous insects (Feeny, 1968, 1975,
1976; Levin, 1976 a; Rhoades and Cates, 1976) and fungi (Chattopadhyay
and Bera, 1980; Kritzman and Chet, 1980; Haars et al, 1981; Alfensas et
al, 1982). Bernays (1978, 1981) considers that generalisations concerning
the role of these compounds can be misleading since it has been found
that the presence of some tannins in insect food are necessary for their
continued growth, development and reproduction (see also Kato, 1978;
Bernays and Woodhead, 1982 a and b; McFarlane and Distler, 1982). In
another example, high levels of phenols and tannins in the natural diet

of Paropsis atomaria Oliver does not retard this insect's performance

(Fox and Macauley, 1977).
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However, considering those plant secondary compounds having
plant protective capacities, their specific mechanisms (see Klocke and
Chan, 1982) include:

(1) reducing the availability of dietary proteins and amino

acids (Feeny, 1970; Davis et al, 1978; Reese, 1978;
Lunderstadt and Reymers, 1980) and / or inhibition of
enzymatic digestive activity in the gut (Appelbaum et al,
1964; Goldstein and Swain, 1965; Appelbaum and Konijin,
1966; Feeny, 1969;Deloach and Spates, 1980).
(2) direct toxicity (Feeny, 1970).

and (3) repellence or antifeedant effects (Lipke and Fraenkel,

1976; Reese, 1978).

The inhibition of growth in Heliothis zea (Boddie) larvae fed

variable amounts of condensed tannin in artificial diets was found to be
due to reduced diet consumption rather than to a decrease in assimilation
of the diet (Klocke and Chan, 1982). A number of other studies have also
reported the influence of plant secondary compounds as feeding deterrents
for insects (Asakawa et al, 1980; Fisk, 1980; Gillenwater et al, 1980;
Montenegro et al, 1980; Mansour, 1981; Hatfield et al, 1982; Mansour et
al, 1982; Russéll et al, 1982; Miller and Feeny, 1983; Hutchins et al,
1984). However the ipcorporation of low molecular weight phenolics such
as chlorogenic acid and rutin into artificial diets did not inhibit
feeding of H. zea despite their toxic effects (Isman and Duffey, 1982).
There is a paucity of evidence for a "direct toxic" action of
plant secondary compounds (i.e. decreased insect performance due to other

than decreased diet consumption or assimilation of dietary nitrogen.
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Although a number of studies have indicated that certain allelochemics
are toxic (Applebaum et al, 1969; Todd et al, 1971; Thorpe and Briggs,
1972; Sutherland et al, 1982) diet consumption and / or assimilation of
the test diet is often not reported. Bernays (1978) studied the effect of
condensed and hydrolysable tannins on the survival, growth, consumption,
digestion and efficiency of conversion of ingested food for a number of
grasshopper species, Digestion was not reduced by the addition of tannin
to their diets. The deleterious effect of hydrolysable tannins on Locusta
migratoria L. was found to result from tannin passing through the
peritrophic membrane damaging the epithelium of the midgut and caecae
thergby decreasing assimilation.,

The phenols chlorogenic acid and rutin (Isman and Duffey, 1982)
did not significantly decrease diet consumption, digestability and
utilization by late instar larvae of H. zea despite a chronic inhibition
of growth of the early larval instars. Since larval growth in this
experiment was rapidly improved when larvae were transferred to the
control diet, the effect of dietary phenols on this insect was most
likely not the same as that observed by Bernays (1978) for L. migratoria.
Inhibition of feeding behaviour and / or limitation of the availability
of some essential nutrients during the early stadia of H., zea seems a
probable explanation with the later instars overcoming these effects as
they became "conditioned" to the diets.

The influence of plant allelcchemics on the availability of
dietary nutrients to phytophagous insects has been investigated by Feeny
(1968, 1969), Mansour (1981) and Miller and Feeny (1983). In each case

the presence of increasing amounts of plant secondary compounds reduced



Table 5.1.1 Phenols present in Egg Hosts of U. lugens.

Rating as a Phenols
Food Plant
for U.lugens Species a b ¢ d e £ g h i 3 k 1 m n -] D q r B t u v
E. camaldulensis* = = = - 4 T 5 S 2 T} T 1 T 1 - - 1 s = = 2 1
E. lehmannii - S = 1 4 B 5 3 3 1 - = - 3 - - 2 - = -lTy -
Good
E. odorata - - - - 4 s S 5 2 2 B - - - - - - - - - 3 1
E. moorei -t - 2 5 - 2 5 3 - - - - - - - - - - - T -
E, fasiculosa sl =l -tatatolatst2t-t-t=-t-1-4t-1=-1-t-t-1"1°1|"
E. punctata = = B - 2 - 5 5 3 1 2 2 = 2 - - 1 - - - 3 1
Intermediate
E, sideroxylon = 3T & 3 - 5 3 2 1 -1 - - 2 - - B - = - 2 2
E, viminalis = T B B 3 = 5 5 2 - - 1 = 1 = B . = = - 1 1
E. astringens ] T » 1 S T 4 5 3 B - - = 1 = 2 2 ” - - 1 -
E. gardneri N T - - 5 - 1 2 t - - - - 2 - - - - - - 1 -
Poor
E. obliguna 2 1 - 2 4 - 3 5 2 - - - - - - - - - - - - -
E. platypus - - - 1 3 - 5 5 3 - - - - 2 - - - - - - 1 -

Adapted from Hillis (1966 a and b, 1967 a b c and d ).

* Mean of results from Hillis (1966 a ) table 1 p 552.

Numbers ( 1 - 5 ) represent an increasing scale of the relative amountsy
T = tracejy - = not present (concentrations ranked as to strength of
chromatogram spot).

Letters represent the following phenols:

a Leucodelphinidins @ Myricetin g Ellagic acid j Caffeic acid m Ferulic acid p Taxifolin 8 Rhap?ntin v P'°°“marqu“inig
b Leucocyanidins e Quercetin h Gallic acid k p-Coumaric acid n Macrantherin q Aromadendrin t Piceid . N
¢ "Leuopelargonidins® f Kaempferol 1 Genistic acid 1 Sinapic acid o Renatherin r Astringin u Chlorogenic acid
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both growth efficiencies and efficiencies of conversion of the test
diets. However, Slansky and Feeny (1977) have pointed out the capacity of
some insects to compensate for low availability of nutrients by adjusting
their feeding rates, but in the studies by Mansour (1981) and Miller and
Feeny (1983) stabilization of nutrient accumulation did not occur since
feeding rates also decreased.

Uraba lugens Walk increased its biting response when fed

artificial diets containing the phenols gallic acid and chlorogenic acid
(Cobbinah, 1978). It is therefore possible that, unless these compounds
are acting exclusively as phagostimulants, they may act as "cues" for
U, lgggEE'thus compensating for decreased nutrient availability in diets
(see also Slansky and Feeny, 1977).

A series of chemotaxonomic surveys by Hillis (1966 a and b, 1967
a b c and d) outline the phenolic compounds present in Eucalyptus. Table
5.1.1 summarises this work in the context of egg hosts assigned to three
categories of food plants of U. lugens. The phenols listed present no
obvious differentiation between the egg host plants tabulated and their
rating as food plants for larvae of U. lugens. However, the
concentrations of phenols such as quercetin varies within an individual
species (see Hillis, 1966a), compared with gallic and ellagic acids which
remain relatively constant within a species (see table 5.1.1 and Hillis
1966a).

Therefore in investigating the influence of phenolics on the
assimilation of diet and, in particular, dietary nitrogen by U. lugens, a
spectrum of phenols was selected representing the range of concentrations

present in Eucalyptus. These phenols were: gallic acid which is present
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in high concentrations and remains relatively constant within and between
species; quercetin which although present in high guantities, varies in
concentration within and between species; and caffeic and chlorogenic
acids, present at relatively low concentrations in the leaves of
Eucalyptus spp.

It might be expected that, since chlorogenic and caffeic acids
are present at low concentrations in the food plants of U. lugens (table
5.,1.1), an increase in their concentrations may significantly affect
feeding and / or assimilation of diets. However, the performance of
U. lugens fed gallic acid may not be ‘influenced by increasing
concentrations of this phenol since it is present at consistently high
concentrations in its natural food. That is, U, lugens may have developed
a "detoxifying" mechanism for this phenol whereas quercetin may influence
the assimilation of diet and dietary nitrogen since its concentration is
variable within and between Eucalyptus species. It could therefore
represent a component of diet which could perhaps influence feeding and
nutrition of defoliators as its concentration varies under the influence
of currently unknown factors in the environment of a species such as

U. lugens.
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5.2 MATERIALS AND METHODS,

5.2.1 Diet

A modified version of Wardojo's (1969) diet for Pieris brassicae

was used into which was incorporated a number of phenols at different
concentrations. The specifications and preparation of the diet are
outlined below:

5.2.1.1 Stock solutions and mixtures.

(a) An aqueous solution of potassium hydroxide made
guch that 5S50ml KOH solution contains 0.56g of KOH,

(b) Vitamin B stock solution containing:-

Niacinamide 0.1 g
Ca pantothenate 0.05 g
Pyridoxine HC1 0.025 g
Riboflavin 0.025 g
Thiamine HC1 0,025 g
Folic acid 0.025 ¢
Biotin 0,001 g
P-amino benzoic acid 0.025 g

made up to 100ml with distilled watex.
(c) Fatty acid - sterol mixture:-

B-sitosterol 0.036 g

stigmasterol 0.02 g

cholesterol 0.009 g



95

dissolved in -

Oleic acid 0e.45 ml
Linoleic acid 0.075 ml
Linolenic acid 0.225 ml

in a water bath at 100 degrees Celsius.

2.0g of vitamin free casein was dissolved in 50ml of

KOH stock solution. To this was added the following:-

Amount in grams

Albumin 4,0
Sucrose 2.0
Glucose 0.5
Fructose 0.5
Potato starch 4.0
Cellulose 4,0
Inositol 0.04
Ascorbic acid 0,4
Menadione 0.005
Wessons Salt Mix. 0.5
Vitamin A palmitate 0.01
Sorbic acid 0.15
Methyl p-hydrobenzoate 0.1
Streptomycin sulphate 0,02
Lecithin 0.15
Fatty acid sterol mixture 0.75 ml

B vitamin stock solution 0.5 ml
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The resultant mixture was then gently homogenised, after which 6€g

of lyophilised leaf material of E, camaldulensis (prepared as in

chapter 3, section 3.2,1) was added. Davis Bacteriological Agar
(3.59) was dissolved in 40ml of hot distilled water and added to
the above mixture which was stirred throughout preparation, then
poured into a heat sterilised petri dish as the mixture cooled.
The diet was stored at 1°C until use.

From this base diet the following phenolic treatments were
prepared: base diet alone (diet + no phenol); diet + quercetin; diet +
gallic acid; diet + chlorogenic acid; diet + caffeic acid. Each of these
phenols was incorporated into the diet at a range of concentrations for
each phenol of 0,.,05%, 1.0%, 5.0%, 10.0% (W/W), with the exception of
chlorogenic acid, which, due to its high cost, was incorporated at the
following concentrations, 0.1%, 0.5%, 1.0%, 1.8%., These concentrations
included the range of concentrations of total phenolics found in mature

leaves of E. camaldulensis; viz, 4 - 10% per gram dry wieght of leaf or 2

- 5% per gram fresh weight of leaf (G.S.Taylor, pers. comm.; also see
chapter 6).

Determination of the formulation of the base diet (diet with no
added pheénol) involved a number of feeding trials, Larval feeding on the
original diet (Wardojo 1969) was poor compared with feeding on the

EL‘éamaldulensis base diet used in chapter three. Therefore a number of

modifications were made incorporating knowledge of the dietary components
that influence the feeding of U. lugens (see Cobbinah, 1978). The

modifications were as follows.
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Casein hydrolysate was deleted from all the diets since larval
feeding improved with its omission. For the same reason the amount of
potato starch was reduced and choline chloride was omitted. The sugars
glucose and fructose were added since, in combination with sucrose, they
act synergistically to dramatically improve larval phagostimulation
(Cobbinah, 1978)., Since U. lugens prefers to feed on diets of a very hard
consistency the amounts of agar and cellulose were increased. Although
these modifications alone increased larval feeding significantly above
that of the original Wardojo (1969) diet, it did not compare favourably
with feeding on fresh diet and was insufficient to maintain a comparable
survival with that on fresh diet through several successive stadia. A
caryophylene, - and B- pinene, cymene, 0- and Y- terpine, sabine and
carene were therefore tested for their potential as phagostimulants,
however these were unsuccesful. It was therefore necessary to include

E., camaldulensis leaf powder in the experimental diet. The minimum amount

of leaf powder necessary for improved feeding by the larvae was therefore
added., It is apparent from these preliminary feeding trials and
Cobbinah's (1978) work that there is a phagostimulant or a combination of
phagostimulants present in leaves of good food plants of U. lugens that

have not as yet been recognised.



98

5.2.2 Insects

Larvae of U.lugens were collected from E. camaldulensis in the

field and reared on fresh leaves of this eucalypt in the laboratory until
they moulted to the seventh instar. These were fasted for twenty four
hours before being assigned randomly to the test diets which were
presented as decribed in chapter three. Four larvae were placed on each
test diet and the treatments replicated four times. The larvae were fed
the test diets for five days at 25 degrees Celsius in a 12 hour light
regime. The diet was changed every two days and all diets were presented

to test insects in sterilised 9 centimeter glass petri dishes,
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5.2.3 Experimental procedures

The mean dry weight of each diet was calculated by weighing ten
samples from each test diet prior to a test. Each diet was the oven dried
at 110 degrees Celsius and reweighed to give the data from which both dry
weight and moisture content were obtained. Before the larvae were placed
on a test diet its fresh weight was recorded. When the diet was changed,
the food remaining was removed from the test arena, dried and weighed so
that the dry weight of diet consumed could be calculated. Frass was also
collected from each test arena at this time, dried and weighed to
calculate the diet utilized and discarded by the insects.

The total nitrogen in both test diets and frass was estimated
using the Micro Kjeldahl technique as follows:

A pre-weighed amount of oven dried, ground diet or frass was
placed in a 100ml pyrex test tube to which one Keltab and 4ml of
concentrated sulphuric acid was added using an automatic dispenser. The
samples were then heated on a digestion block using a pre~programed
Tecator Controller. the temperature program was as described in table

5.2.3.1.
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Table S5.2.3.1 Temperature program for Micro Kjeldahl
procedure.,

Time Temperature
Step hr., min. °c
1 6. 00 120
2 0., 15 155
3 1. 00 317
4 2, 15 359
5 5. 00 cool to room temp

After the solutions had cleared the digests were cooled before adding
50ml of double distilled water and shaking. The total nitrogen present in
the sample was then estimated on an auto analyser.

Utilization (assimilation) of nitrogen was then calculated using

Taylor and Bardner's (1968) equation:

% utilization of diet =
I (Dry weight of food consumed - Dry weight of faeces)

/ Dry weight of food consumed ] X 100

which was modified to read:

% utilization of nitrogen =
[ (Amount of nitrogen consumed from diet
- Amount of nitrogen in faeces)

/ amount of nitrogen consumed from diet ] X 100
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The percentage utilization of diet is equivalent to Waldbauer's (1968)
approximate digestability or assimilation efficiencye.

Since some assimilated nitrogen is excreted in the form of uric
acid, allantoin, allantoic acid and other compounds (Bursell, 1967; Kahn
et al, 1976) and the Kjeldahl technique used was not modified to include
nitrate and other organic compounds (see Bradstreet, 1965), the data
probably underestimated the true level of nitrogen assimilation or

nitrogen assimilation efficency recorded.



Table 5.3.,1.1 Mean amount of diet consumed (mg) per insect
over 5 days t SE. ]

% Concentration of Phenol in Diet
Diet 0 0.1 0.5 1.0 1.8 5.0 10.0
Control 31.9 % 3.3
a - - = - - ”
Caffeic 35.1 t 0.7 40.4 + 2.2 24.8 + 1.8 41.9 + 4.5
acid = = a ab - a ab
Chlorogenic 30.3 £ 2.7 25.2 * 4.3 54.5 + 1.6 74.4 + 3.3
acid - a a c a - -
Gallic 45.2 * 1.0 39.7 + 7.8 45.2 + 0.5 34.0 + 1.4
acid - - be b = be a
Quercetin 37.5 % 2.6 26.8 + 4.0 38,2 + 3.7 38.8 + 5.0
- - ab a - ab ab

Analysed by Duncan's Multiple Range Test.
Different letters in rows and columns indicate significance at P < 0.05,
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5.3 RESULTS AND DISCUSSION.

See appendix 5.3.1.

5.3.1 Diet consumption

It might be expected that if the presence of phenols in a plant
are an evolutionary adaption for means of "direct" or immediate plant
protection, then consumption of a diet would be inversely proportional to
the amount of secondary plant compounds present in that diet. This has
been recorded in a number of studies on the effects of phenolics on
insect consumption (Asakawa et al, 1980; Fisk, 1980; Gillenwater et al,
1980; Montenegro et al, 1980; Mansour, 1981; Hatfield et al, 1982; Isman
and Duffey, 1982; Klocke and Chan, 1982; Mansour et al, 1982; Miller and
Feeny, 1983; Hutchins et al, 1984), the reduced rate of consumption being
closely paralled by the reduced growth efficiencies recorded,

However, for the artificial diets presented to U, lugens,
consumption did not decrease significantly from that of the control diet
in any instance (table 5.3.1.1). Consumption of the diets containing
caffeic acid and quercetin were comparable to that of the control diet
(table 5.3.1.1; figs. 5.3.1.1 a and 5.3.1.,2 b). Incorporation of
chlorogenic and gallic acids into the base diet significantly increased

consumption rates (table 5.3,1.1; figs. 5.3.1.1 b and 5.3.1.2 a).



FPigure 5.3.1.1

Amount of test diet consumed (mg)
per insect over 5 days.

(a) Caffeic acid
Regression: y = 30.92 + 0.72x
Not significant (T = 1.15, 19 df;
P > 0.05)

(b) Chlorogenic acid
Regression: y = 23,20 + 27.20x
Significant (T = 7.59, 18 d4f;
P < 0,001)
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Figure 5.3.1.2

Amount of test diet consumed (mg)
per insect over 5 days.

(a) Gallic acid
Regression: y = 35,78 + 0,31x
Not significant (T = 0,36, 16 d4f;
P > 0.05)

(b) Quercetin
Regression: y = 29,62 + 1.08x
Not significant (T = 1,87, 19 df;
P > 0.05)
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If the presence of phenols decrease an insect's utilization of
dietary components, then, according to Slansky and Feeny (1977),
consumption may increase to compensate for the lower nutritional value of
the diet. Consumption of the chlorogenic acid diet significantly
increased with progressively higher concentrations of this phenol (fig,
5.3.,1.1 b). However for the other phenols tested this trend did not occur
(figs. 5.3.1.1 a and 5.3.1.2 a, b).

Some phenolic compounds, for example chlorogenic acid are known
to stimulate feeding (Hsiao and Fraenkel, 1968). Cobbinah (1978) found
that the incorporation of.chlorogenic and gallic acids into a plain agar
diet increased the biting response of U. lugens while caffeic acid
reduced larval feeding response and quercetin did not influence feeding
compared with the artificial diet controls. In this experiment caffeic
acid did not deter feeding which may have been due to the additional
nutrients and other components present in the artificial diet used as
opposed to the simple diet used by Cobbinah (1978). Thus the additional
components may have overridden the deterrent effect of caffeic acid
reported by Cobbinanh. The response of U. lugens to gallic acid and
chlorogenic acid in particular, may be due either to larval compensation
for a decrease in diet quality or that these phenols act directly to

stimulate feeding,.



Table 5.3.2,.1 Utilization of diet (means as %of total diet provided)

+ SE.
% Concentration of Phenol in Diet
Diet 0 0.1 0.5 1.0 1.8 5.0 10.0
Control 42.7 * 4,7
ab - - - - - -
catfeic 11.0 ¢ 0.2 32.7 * 2.6 16.2 + 4.3 36.2 * 3.8
acia - - d be - d b
Chlorogenic 36.1 * 2.5 23.3 ¢+ 1.3 30.2 * 3.1 35.2 £ 3.1
acid = b o bec b o =
Gallic 30.5 t 0.7 38.4 * 3.7 35.9 £ 1.0 32,3 + 8,1
acid - = bc b = b bc
Quercetin 32.1 *+ 3.6 51.1 + 5.4 23.8 & 3.7 11.9 £ 4.3
- = be a = c d

Analysed by Duncan's Multiple Range Test.
Different letters in rows and columns indicate significant difference
at P < 0.05.
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5.3,2 Utilization of total diet.

Although consumption of diet was not decreased by the phenols
caffeic acid and quercetin, utilization or assimilation efficiency was
significantly reduced (table 5.3.2.1). With increasing proportions of
quercetin in the diet assimilation by U. lugens is progressively reduced
such that it can be expressed as a negative linear regression (figq.
5.3.2.2 b). However, for the phenols chlorogenic and gallic acids
assimilation efficiencies were not significantly different from that of

the control (table 5.3.2.1l3 figs. 5.3.2.1 b and 5.3.2.2 a).



Figure 5,3.2.1 Utilization of Total Test Diet containing
phenols at different concentrations by
U. lugens larvae.

(a) Caffeic acid
Regression: y = 24,54 + 0,60x
Not significant (T = 0,69, 19 d4df;
P > 0,05)

(b) Chlorogenic acid
Regression: y = 31,88 + 0,19x
Not significant (T = 0,05, 18 df;
P > 0,05)
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Figure 5.,3.2.2 Utilization of Total Test diet containing
phenols at different concentrations by
U. lugens larvae.

(a) Gallic acid
Regression: y = 34,86 — 0,14x
Not significant (T = -0,18, 16 d4f;
P > 0.05)

(b) Quercetin
Regression: y = 39.87 - 2,78x
Significant (T = -3.37, 19 d4f;
P = 0,002)
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nitrogen provided) + SE.

Table 5.3.3,1 Utilization of dietary nitrogen (means as % of total

% Phenol Content in Diet

Diet 0.1 0.5 1.0 l.8 5.0 10.0

Control 66,0 t 5.4
Caffeic 9.8 £ 3,7 32.2 £ 1,1 23.4 £ 3.0 27.1 = 2,2

acid = d b - c be

Chlorogenic 31,7 + 3.1 36.5 * 6.7 47.5 * 21.0 38.7 % 5.5
acid b ab b - -

Gallic 26,3 * 1.1 38.4 * 7.0 45.6 = 2,9 42.5 * 11,4

acid - bc b = b b
Quercetin 32,9 + 3.1 34,0 £ 3.9 6,3 * 2,0 -7.6 £ 3,7

ol b b - d e

Analysed by Duncan's Multiple Range Test.

Different letters in rows and columns indicate significant

difference at P < 0,05
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5.3.3 Utilization of dietary Nitrogen.

The assimilation of dietary nitrogen was significantly reduced
in all the test diets containing additional phenols with the exception of
chlorogenic acid at 1.0% (table 5.3.3.1). The greatest reduction in
nitrogen assimilation was observed in the quexrcetin test diets, where
nitrogen utilization decreased with increasing concentrations of this
phenol (fig. 5.3.3.2 b). This trend however was not apparent in the other
phenol test diets (figs. 5.3.3.1 a b and 5.3.3.2 a)e

These results show that the phenols caffeic acid and quercetin
reduce larval assimilation of diet and in the case of quercetin; the
reduction in diet and nitrogen assimilation can be expressed linearly
with increasing amounts of this phenol (figs. 5.3.2.2 b, and 5.3.3.2 b).
The phenols chlorogenic and gallic acids however did not influence diet
and nitrogen assimilation markedly (tables 5.3.2.1 and 5.3.3.1; figs.
5.3.2.1 b, 5.3.2.2 a, 5.3.3.1 b, 5.3.3.1 b and 5.3.,3.2 a), so that the
increase in consumption on these diets ( and thus an increase in nitrogen
consumption, Appendix 5,3.1), particularly chlorogenic acid, may
compensate for the decrease in nitrogen assimilation observed (table
5.3.3.1).

The s;rvival data {(Appendix 5.3.1) is not a good estimate of
larval performance on the test diets since larvae were assigned to the
diets at the seventh stadium for only five days and thus had stored
nutrients from their previous diet. However survival of larvae on the
quercetin diet was much lower than survival on the other test diets,
indicating that the presence of this phenol dramatically reduces larval

performance. A better measure of larval performance would have been



Figure 5.3,3.1 Utilization of dietary nitrogen by U. lugens
larvae in the presence »f phenols,

(a) Caffeic acid
Regression: y = 33,27 - 0.99x ,
Not significant (T = -0.78, 19 d4df;
P > 0,05)

(b) Chlorogenic acid
Regression: y = 45,88 - 1,40x
Not significant (T = -1.15, 16 df;
P > 0.05)
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Figure 5.3.3.2

Utilization of dietary nitrogen by U. lugens
larvae in the presence of phenols,

(a) Gallic acid
Regression: y = 44,89 - 3.33x
Not significant (T = -0.47, 18 df;
P > 0.,05)

{b) Quercetin
Regregsion: y = 42,30 - 5,48x
‘Significant (T = -5.57, 19 d4df;
P <0,001)
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weight gained by larvae in the test diets. Due to the shortage of larvae
available at the time of this experement and the time involved in
measuring this additional parameter, this was not done. The performance
of early instar larvae on phenol diets would also be interesting to
investigate since Isman and Duffey (1982) found that plant phenolics
influence the performance of early instars of H. zea more profoundly than
the performance of late instar larvae. However the feeding habit of
U. lugens (see Introduction chap. 2) does not facilitate such an
experiment with early larval stadia on artificial diets, although
Cobbinah's (1978) work on the host preferences of U. lugens does suggest
that plant secondary compounds may influence performance of early stadia
to a greater degree than later stadia.

The response of U, lugens larvae to the presence of gallic acid
in their diet suggests that this insect may have developed a
"detoxifying" or compensation mechanism. The presencé of a relatively
constant yet high concentration of this phenol in the food plants of
U. lugens (section 5.1 and table 5.1.1) lends credence to this
hypothesis,

It might have been expected however that the response of
U. lugens to chlorogenic acid may have paralled that on quercetin diets
since this phenol although at low concentrations in the insect's food
plants, fluctuates considerably (table 5.1.1). Also it is thought that
the presence of ortho-hydroxyl groups may influence the toxicity of
phenols since Todd et al (1971) found that phenols having orthq—hydroxyl
groups (viz. catechol, tannic acid, procatechuic acid, quercetin and

chlorogenic acid) were the most detrimental of the compounds tested, to
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the growth and survival of Schizaphis graminum (Rondani). However

Alfensas et al (1982), working on fungi, found the converse to be true,
the lower the number of hydroxyl groups the more toxic the phenol to
fungal growth.

Although caffeic acid reduces diet assimilation for U. lugens it
probably has little influence on the insects when feeding on fresh
foliage since its concentration is very low (see table 5.1.1). Quercetin
therefore appears as the major phenol tested in this experiment that may
influence the performance of U. lugens on natural food plants. Although
often at high concentrations, this phenol fluctudtes greatly within and
between the eucalypt food plant species of U. lugens (see section 5.1 and
table 5.1.1) and may therefore be a major regulatory factor in the

population variation of U, lugens on its host plants.



Chapter 6
Seasonal and Annual Variation of Nitrogen and Phenols

Present in Mature Eucalyptus camaldulensis Foliage.




Seasonal and annual variation of nitrogen and phenols

present in mature Eucalyptus camaldulensis foliage.

6.1 INTRODUCTION,

In the previous chapters it has been demonstrated that the

performance of Uraba lugens is influenced by the inclusion of specific

amino acids (chap. 3) and phenols (chap. 5) in artificial diets and by
the water status of its food plant (chap. 4). Although Miles et al (1982

b) found no increase in the survival and fecundity of Paropsis atomaria

Oliver fed water stressed E. camaldulensis, this insect feeds on young

eucalypt leaves as opposed to the mature leaves preferred by U. lugens.

fecundity in response to higher nitrogen food, although the viability of
its eggs was lower than that of adults fed leaves with lower nitrogen
levels.,

It has been demonstrated by Journet and Cochrane (1978) that the

acids than mature leaves. Since P. atomaria feeds on young, nitrogen rich
foliage it seems possible that variation solely of nitrogen in the food
plant by fertilizer application would not necessarily influence the
insects' overall performance unless the variation in other leaf

components such as allelochemics (eg. phenols) played an important role

in the insects' ability to utilize the extra nitrogen present.
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Uraba lugens, however, normally feeding on low nitrogen foliage may well
be influenced by variation in the nitrogen concentration of its food,
particularly soluble nitrogen. Since it has been demonstated that phenols
(eg. quercetin) decrease the capacity of U. lugens to utilize nitrogen
(chap. 5), variation in both phenols and nitrogen in the food plant must
be considered.

Since Cooper-Driver et al (1977) showed that seasonal variation

in the plant secondary compounds of bracken influenced feeding of the

demonstrated that water stress both increased the soluble nitrogen

present in E. camaldulensis foliage and decreased the concentration of

total phenols, it seemed appropriate to investigate the seasonal and

annual variation of nitrogen and phenols in field grown E., camaldulensis.

Two aspects of these relationships were of interest to me:
(1) If nitrogen and phenols are negatively correlated as they
fluctuate in concentrations in the leaves then, if
. nitrogen is high and phenols are low during periods
of water stress, U. lugens may be assisted in droughts
because (a) antifeedants may be below their threshold of
effect (Cobbinah et al, 1982) and (b) nutrients may be
more efficiently utilized because phenols such as
quercetin may be in too low a concentration to adversely

affect nitrogen assimilation from the gut (see chap, 5).
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(ii) A similar relationship to that apparent during drought
may result seasonally due to the usual fluctuations in
seasonal érecipitation or temperature. Stress in the
trees may be caused either by waterlogging of soils for
lengthy periods in winter - spring or by periods of high
temperatures, which results in high evapotranspiration

rates, during summer,
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6.2 MATERIALS AND METHODS.

Mature leaves of Eucalyptus camaldulensis were collected near

midday at two monthly intervals during 1980 to 1982 from 2 - 3m high
trees on the southern slopes of Mount Osmond in South Australia. The
sampling sites were arranged such that the North Eastern samples (NE)
were taken from an area on a higher level than the North Western (NW) and
South Western (SW) samples.

The leaves were plunged into liquid nitrogen immediately after
removal from the plant, then ground under liquid nitrogen and freeze
dried for 24hrs.. It was recognised that freeze drying cf biological
material may result in the loss of some compounds of low and intermediate
molecular weight (viz. amino acids, flavonoids and glycosides etc.; see
van Sumere et al, 1983).Since each sample was treated similarly any such
loss of materials through the freeze drying procedure was assumed to be
constant. The freeze dried material was stored at -18°C to ensure minimum
enzymatic degradation (Dr. A.C. Jennings, pers. comm.) prior to

extraction and analysis of the leaf components.

6.2.1 Determination of total nitrogen.

Dried, ground leaf material (0.25g) was weighed into a 50ml
pyrex test tube and digested and analysed by the Micro Kjeldahl technique

as described in chapter 5 (sec. 5.2.3).
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6.2.2 Determination of total phenols.

The phenols present in the freeze dried leaf material were
extracted in the following manner,

To 0.1g. of lyophilized leaf powder was added 30ml. of 80% (v/v)
methanol, the mixture being boiled under reflux in a water bath for
10min.. The mixture was filtered into a separating funnel using Whatman
no. 4 filter paper and the procedure repeated with the remaining residue;
50ml. hexane were added to these bulked filtrates, and this was shaken
for lmin., and the phases left to separate. The upper layer was then
discarded. This was repeated with a further 50ml,., hexane. The resultant
extract was then evaporated down to less than 5ml. in a rotary evaporator
then made up to 25ml. with distilled water. In order to maintain
consistency in the extraction procedure for each sample, the extraction
time was standardized at lhr..

Determination of total phenols present in the extracted samples
was achieved using the techniques of Swain and Hillis (1959). 0.0lml. of
the extract was diluted to 7ml. with distilled water in a graduated 10ml,
tube and mixed thoroughly; 0.5ml. of Folin - Dennis reagent was then
added, the solution again being shaken vigorously. Precisely 3min., after
addition of th; Folin - Dennis reagent, 1.0ml. of saturated sodium
carbonate was added and the solution was made up to 10ml, with distilled
water and thoroughly mixed. This was then filtered through a 0.45um
Gelman Acrodisc® and the absorbance immediately read on a Shimadzu
spectrophotometer at 725nm. The amount of phenol present in each sample
was calculated as mg. per ml, catechin equivalents, by comparison of the

sample's absorbance with that of a standard curve for catechin,
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The catechin standard curve was constructed as follows. From a
catechin stock solution (lmg. per ml, of catechin in ethanol) 0.1, 0.2,
0.5 and 1.0 ml., was added to four graduated tubes and made up to 1.0ml.
with ethanol. Using 0.1ml. of the standard solutions the procedure for
the Folin - Dennis reaction was then followed as described above. For the
blank, 0.lml. ethanol replaced the test sample in the procedure
described., A standard curve was established for each set of samples
analysed so that any variation in the analytical procedure or conditions

during analysis would be accounted for.

6.2.3 Determination and extraction of free amino acids.

Extraction of free amino acids from eucalypt leaves presented a
number of problems due to the presence of a high proportion of tannins,
resins and phenols etc. common in plants of this genus. These compounds
interfered with both extraction and analysis. The procedures for reducing
this interference was achieved through a number of trial extractions. The
results of these trials will be discussed in the context of the final
extraction procedure used.

The extraction of free amino acids from lyophilized

E. camaldulensis leaves was as follows:-

The test sample of freeze dried leaf material (2.,0g.) was
extracted in methanol chloroform and water (MCW, 20:10:8). Extractions
were performed under oxygen free nitrogen (OFN) and all solvents used
were kept at 1°C and flushed with OFN in order to minimize oxidation of
the leaf components. The sample was therefore homogenized with 40ml. of

MCW for bursts of 1lmin. in an iced packed homogenizer, then centrifuged



FIGURE 6,2,3.1l. Chromatograms of E., camaldulensis leaf extracts,

(a) Chromatography of chloroform (Chl.fr.) and acgqueous fractions
from 2g MCW extractions to which had been added 0.0lg alanine with and
without the addition of glacial acetic acid (Ac) to the extraction
procedure,

Spotted as follows (amino acid standards (st.) listed in order of
appearence from solvent front).

H 4 ul H : 15 ul : 4ul 3ul
AlA TYR MET VAL PRO TEST TLEST TEST ALA All
SER GLU TRP ASP GLY 3 : ALA ALA + Ac GLY st.
ORN THR LYS GLN HIS Chl.fr. +Ac HIS

(b) Chromatography of leaf samples extacted in boiling ethanol
(FTOH) and MCW with and without the incorporation of PVP- Amberlite (Amb)
and glacial acetic acid in the extraction procedure. Plus a set of
standards (1mg/ml) extracted in MCW,
Spotted as follows:

H 1ul E S 20 yl mem—— 1ul
LEU TYR VAL TRP - TEST TEST TEST TEST TEST st All
AlLA GLU PRO ASP ETOH ETCH MCW MCW MCW MCW st
ORN GILN THR HIS +PVP +AcC +PVP

ARG GLY +2Amb +Amb
CYs LYS
CYE N

(c) Chromatography of leaf samples extracted in MCW with glacial
acetic acid, with and without the addition of PVP and Amberlite.
Spotted as follows:

gmmmmmm—me== 1 Ul mm—memm———ey : 30 ul : 1ul
PHE TYR MET TRP VAL LEU TEST TEST TEST All
AlA GLU THR PRO PRO ASN +PVP +PVP st
SER GIN ARG GLY ASP HIS +Amb

ORN CYS LYS CYE

Amino acid abbreviations: CYE, cysteine; CYS, cystine; other amino acids
abbreviated as for appendix 6.3.3.1 and tables 6.3.3.1 and 6.3.3.2.
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at 1150 rpm for 15min at 1°C. The supernatant was collected in a chilled
separating funnel and the residue extracted three more times with 30ml,
of MCW flushed with OFN. To each MCW extraction was added 3 drops of
glacial acetic acid which maintained the extract at a low pH, reducing
the complexing of amino acids and phenols (Dr. A.Jennings, pers. comm.)
which results in precipitation and thus loss of amino acid material, and
difficulty in phase separation. The increased efficiency of this
extraction method using acetic acid was verified using thin layer
chromatography (see figure 6.,2.3.1 a and b; the procedure used for
chromatography is outlined in appendix 6.2.3.1).

Poly vinyl-polypyrrolidone (PVP) and Amberlite XAD-4 were also added to
each extraction of the sample with MCW (in the quantities: 1st extraction
2.0g each of PVP and Amberlite; succeeding extractions 1.0g each of PVP
and Amberlite). These components were added to the extract in order to
remove phenolic and tannin compounds during the extraction procedure,
further reducing the interference of these compouﬁds in the extraction
and analysis of the free amino acids present in the sample. A similar
method was used by Jung and Fahey (1981) to remove phenolics present in

alphalpha and crown vetch for the purpose of studying forage

digestability in the absence of these compounds. The improved efficiency
of extraction using PVP and Amberlite is demonstrated in figures 6.2.3.1
b and ¢ and 6.2.3.3 a. In figure 6.2.3.1 b, portions (2g) of the same
lyophilyzed leaf material were extracted in (a) boiling ethanol and (b)
MCW, with and without the incorporation of PVP and amberlite., This plate
demonstrates that (1) extraction in MCW is superior to extraction in

boiling ethanol and (2) extraction with PVP and Amberlite is superior to
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all other extraction procedures exhibited on this chromatogram.
Determination of the total free amino acids (see appendix 6.2.3.2 for
procedure) present in a leaf sample extracted with and without PVP and
Amberlite further demonstrates the improved efficiency resulting from the

incorporation of these materials (see table 6.2.3.1).

Table 6.2.3.1 Total free amino acids (measured as Umoles
per ml. equivalent leucine per g. dry wt.
of leaf) present in lyophilized E. camaldulensis
leaves extracted in MCW with and without the
incorporation of PVP and Amberlite.

Sample Extraction Procedure

-ve PVP + PVP + PVP
,& Amb & Amb
Conc. 8.60 19.75 48.00

Although incorporation of PVP and Amberlite improved extraction
results, a certain amount of amino acid impurities were present in the
amino acid extract (see fig 6.2.3.3 a,b and c¢). The plates pictured in
figure 6.2.3.3'demonstrate that samples extracted with unwashed PVP and
Amberlite exhibit stronger spots particularly in the glutamic acid,
alanine and glycine regions. It was therefore necessary tc wash these
materials before adding them to the extraction (see fig 6.2.3.3 c). This
was done by washing the PVP and Amberlite five times in 80% ethanol and
drying the residue prior to extraction. The number of washings was

determined by extraction and chromatography of these materials



FIGURE 6,2.3¢2e
Ion exchange columns used in extract purification.

A, Solvent resevoir,

B. Ion exchange column,

C., Collection flask for eluate
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(not pictured). It was found that after five washings no impurities were
evident on a chromatogram.

After extraction in MCW, sufficient chloroform and water was
added to the bulked supernatants to alter the ratio of MCW to 20:20:18
thus separating the agqueous and chloroform phases. The extract was shaken
for 1lmin. then allowed to stand overnight or until separation was
complete at 1°C. The aqueous layer was then collected and evaporated down
to less than 5ml. in a rotary evaporator. The resultant concentrate was
then made up to 5ml with distilled water prior to loading the extract
onto a cation exchange column.

It was necessary to purify the extract further by the use of an
ion exchange column since although the PVP and Amberlite removed a
proportion of the components in the extract responsible for interference,
a considerable amount of "tailing" and interference was still present in
some samples (see figs. 6.2.3.1 ¢, 6.2.3.3 a and b). The icen exchange
system used (see fig 6.2.3.2) was a lcm. diameter glass tube packed with
a glass wool plug and Scm of Dowex 50X-8, Prior to sample loading the ion
exchange resin was set up in the acid phase so that distilled water run
through the column was at pH 5. A sample was loaded onto the column,
washed with 250ml. of distilled water then eluted with 100ml. of 1.0M
ammonium hydroxide. A similar purification technique was used by Kaiser
et al (1974) prior to amino acid analysis by gas-liqud chromatography.
The benefit of this step is demonstrated in figure 6.2.3.3 a,b and c.
From these chromatograms it can be seen that samples eluted from the ion
exchange column (fig 6.2.3.3 b and ¢) yield more discrete spots than

samples not subjected to the column purification (figs. 6.2.3.1 c,



FIGURE 602+3.30

(a)
PVP and Anberlite,
Spotted as follows:

Chromatograms of E. camaldulensis leaf extracts,

Chromatography of MCW extracts with and without washed (wa)

30 ul

: 1l —————; : : 1wl
PHE TYR MET TRP VAL LEU TEST TEST TEST All
AIA GLU THR PRO PRO ASN +PVP +PVP st
SER GIN ARG GLY ASP HIS +Amb +Amb
ORN CYS LYS CYE wa

(b) Chromatography of MCW extracts with and without washed PVP
and Amberlite and colum (col) purification ster.

Spotted as follows:

gm———— 1 ul ———— b e e 30 ul e ——
GLY 2RG GIU MET TEST TEST TEST TEST TEST TEST
+PVP  +PVP col +PVP
+Amb +Amb +Amb
wa col
col

{(c) Chromatography of MCW extracts subjected to column
purification with and withcut washed PVP and aAmberlite, Plus the third

washing extract of PVP and Amberlite,
Spotted as follows:

. g=———== 30 Wl ~——: 1ul
PVP TEST TEST TEST all
5 St, as in a ———=-——: +Amb +PVP +PVP +PVP st
3wa +Amb +2mb col
wa col
col

See fig 6.2.3.1 for amino acid abbreviationse.
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6.2.3.3 a and b). The eluate was collected and evaporated down to dryness
in a rotary evaporator, redissolved in 50% methanol (in 0.1M HCl) and
again evaporated down to dryness in a vacuum dessicator. The samples were

then analysed on a Beckman amino acid analyser,
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6.3 RESULTS AND DISCUSSION.

6.3.1 The variation of total nitrogen.

(see appendix 6.3.1.1 for raw data)

Table 6.3.1.1 Variation in Total Nitrogen concentrations
(mean * SE, for n=3; in mg/g dry wt of leaf)
present in mature Eucalyptus camaldulensis
foliage from January 1980 to January 1982.

MONTH
YEAR Jan Mar May July Sep Nov
19890 15,03 13.19 12.890 14.77 15.69 13.72
+ 1.13 + 1,06 0.13 + 0.53 + 0,61 * 0.99
ab becde bcde abc a abed
1981 12.66 11.08 11,87 13.59 13.85 11.61
+ 0.35 + 0,13 1.34 + 1.45 * 0.13 + 0.61
cde e de abed abed dea
1982 12,93
+ 0.61 - - - = =
bcde

* Analysed by 2 way analysis of variance.

** pifferent letters in rows and columns signify significant
difference at P < 0,05.
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Total nitrogen reached a maximum in spring during September -
October (table 6.3.1.1 and fig 6,3.1.1) as would be expected, and reaches
its lowest point around March - April. This trend is supported by
Morgan's (1984) work on the variation of total soluble nitrogen on the
same group of trees throughout the time period surveyed in this study.
Together with seasonal variation there appears to be a trend throughout
Jan., 1980 - Jan, 1982 of progressively lower total nitrogen in mature

E. camaldulensis foliage (see fig. 6.3.1.1). Although this trend is not

significant within the total nitrogen data, it becomes more apparent when
considering the variation of free amino acids discussed later (see
section 6.3.3).

There is also a difference in total nitrogen between the

sampling sites (see table 6.3.1.2).

Table 6,3.,1.2 Total Nitrogen (as mg/g dry wt. of leaf;
mean * SE) at different sampling sites.

SAMPLE SITE
CONC. NE NW SW
Mean 14,03 13.03 12.88
SE +0.47 0,47 +0.37
a ab b

* Analysed by 2 way analysis of variance.
** pDifferent letters signify significant
difference at P < 0.05,



FIGURE 64341l

Variation of "total nitrogen (mg/g dry weight of leaf)
and phenols (mg equivalent catechin per g dry weight
of leaf) from January 1980 to April 1982 in mature
E. camaldulensis foliage (as means for n=3).

Legend

Total nitrogen
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Table 6.3.2.1 Variation of total phenols (mean

+ SE, for n=3;

as mg/g equivalent catechin per g dry wt. of leaf)
present in mature E. camaldulensis foliage from
January 1980 to April 1982,

MONTH
YEAR Jan Feb Mar Apr May July Sep Nov
1980 87.70 86,91 102,67 92.43 82.97 101.88
+ 8,53 + 10.26 + 3,44 r 6.27 + 3.61 + 16,62
4 d bed cd d cd
1981 102.12 126,69 113,78 94.15 99.15 105.50
* 14,26 * 6,51 * 5,76 * 10,41 * 9.46 * 12.09
cd ab abc cd cd abed
1882 127.88 ics8,.18 101,09
+ 11.18 + 3,44 * 3,16
a abc cd

* Analysed by 2 way analysis of variance.
** pDifferent letters in colomns and rows indicate significant
difference at P ¢ 0.05,
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Samples from the North East site were significantly higher in
nitrogen than samples taken from the South Western site. The North
Eastern sample site was at a higher level on the hillside than the other
two sites so that the water table at this elevation may have been much
lower in respect to the trees' root systems than for the sampling sites
on the lower slopes, particularly that of the South Western site. It is
possible therefore that trees on the North Eastern site were subjected to

a greater degree of water stress,

6.3.2 Total phenols (see appendix 6.3.2.1 for raw data)

The total phenols rise to their highest level around May - June
1980 and March 1981 (when total nitrogen is at its lowest) and falls to
its lowest point around September when total nitrogen is at its highest
level (see fig, 6.3.1.1). Over the period surveyed phenols progressively

increase in mature E. camaldulensis foliage (see table 6.3.2.1) as

opposed to the total nitrogen which tends to decrease from January 1980
to January 1982. Considering a scatter diagram for total nitrogen and
phenols (fig, 6.3.2.1) it can be seen that these two leaf components are
negatively correlated with a correlation coefficient for the means of

r = -0,732 (P < 0.,05). A negative correlation between nitrogen and

phenols in E, camaldulensis plants subjected to water stress was also

observed by Miles et al (1982 b)., However this negative correlation is
not reflected in the difference in phenol content between the sample

sites (see table 6.3.2.2). Samples from the North Eastern and Western
sites have a higher phenol content than samples from the South Western

site.



FIGURE 6,3.2.1.
Scatter diagram for means of total nitrogem and phenols,

Regrecssion: y = 203.37 - 7.62x
y = total phenols, x = total nitrogen,
Significant (T = -3.72, 12 d.f.; P < 0,01)

Correlation coefficient: r = -0,732
Significant (P <0,05).
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Table 6.3.2.2 Variation of total phenols (mean %
equivalent catechin per g dry wt.
between sample sites,

SE, as mg/g
of leaf)

SAMPLE SITE
CONC. NE NW SW
Mean 105.55 107.76 93.38
SE t 4,50 * 4,75 t 4,47
a a b

* Analysed by 2 way analysis of variance.
** Different letters indicate significant
difference at P < 0,05,

The data presented accord with our current knowledge of the
metabolism of amino acids and phenols and their relationship via the
shikimic acid pathway (see Bidwell, 1979 and Graham, 1983)., Phenylalanine
ammonia-lyase (PAL) catalyses the deamination of phenylalanine to
cinnamic acid, an important precursor of flavonoid compounds. Thus PAL
catalyses the branching reaction that leads from the shikimic acid
pathway to formation of a wide range of seccndary plant compounds
including the phenolics. The activity of this enzyme (PAL) is affected by
a number of external and internal factors such as the development rate of
the plant. It, for example, is stimulated.in plants by wounding,
infection by disease and by the growth regulating substance ethylene,
Other hormones, such as indolacetic acid (IAA), inhibit PAL, The activity
of IAA is increased when a plant is subjected to drought (Mukherjee and

Chouduri, 1981). Therefore a decrease in PAL activity as a consegquence of
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increased IAA due to water stress would result in a decrease in the
production of plant secondary compounds. This is of importance in that
attack by U. lugens at such a time would, initially at least, be
advantageous to success of that attack for the reasons mentioned at the
end of 6.1 above.

PAL activity is also stimulated by light (see Bidwell, 1979),
and since the northern slopes of the sample site would receive more light
daily, both in intensity and longevity, than the Southern slope because
of shading of the high hills to the East and West of the study area, this
may explain the higher concentration of phenols in trees on the Northern

sample sites (table 6.3.2.2).

6.3.3 Free Amino Acids. (see appendix 6.3.3.1 for raw data)

Total free amino acid concentrations vary throughout the study
period, July 1980 to January 1982, with a similar trend to that for total
nitrogen discussed earlier (sec., %.3.1). A maximum of 1183.5 Ug/g dry
weight of leaf was reached in September 1980, from there the total free
amino acids decrease to a low of 271.1 Ug/g dry weight of leaf in March
1981 (see fig 6.3.3.1 a and table 6.3.3.2). Although the total scluble
nitrogen slowly increased after March 1981 the highest level reached in
September - November of 1981 is much lower than the 1980 September
maximum and did not differ significantly from the low reached in March
1981 (see table 6.3.3.2).

The individual amino acids which significantly varied throughout
the period studied are: phosphoserine, threonine, glutamine, proline,

glutamic acid, glycine, alanine, iso-leucine, leucine, tyrosine,



Table 6.3.3,1 Variation of amino acid concentration (means for n=3,
as Ug/g dry weight of leaf) in mature E, camaldulensis
foliage from July 1980 to January 1982.

SAMPLING
TIME AMINO ACIDS
Year Month PSE ASP THR SER ASN GLN PRO GLU GLY ALA VAL CYs CYN MET
1980 July 119.56 1.18 7.61 33.06 13.46 59.98 37.57 282,77 4,10 17.93 7.34 6.52 13.69 0.03
ab de a b bc d cd
Sep 56,31 4.85 18,46 75.66 9,91 8.46 185.69 504.25 25.49 26,85 9,12 23.49 27.79 2.69
cd ab be a a a a
Nov 42,06 2.75 25,74 63,58 25.60 3.96 235,73 303.87 20.05 22,80 12,47 7.25 28,53 1.65
d a bec a b ab ab
1981 Jan 35,58 2.16 17.48 60,59 6.48 0,34 20,59 134.64 15.49 19,31 9.59 11.87 26,19 2,24
d be c b cd be bed
Mar 33.87 1.37 9.50 32.84 S.15 24.72 18,12 65.52 8.32 19.86 4,21 5.42 5.25 3.80
d de b b d cd abc
May 54,01 11.78 7.33 132.72 2,63 10.26 9.06 67.84 8.88 9.78 3.48 9,58 7.92 0,08
cd de be b d cd e
July 72.37 24,93 3.44 19,56 - 4,19 13,20 143,92 2,70 9.45 4,69 6.98 13.09 0.48
bed e be b cd d e
Sep 127,62 15.81 3.28 26,66 1.28 10,59 9.01 185,13 2,65 7.78 7.87 3.65 12.92 =
a e be b bed a e
Nov 97.85 1.38 7.13 38,60 8.09 5,84 21.59 201.30 8.50 12.52 6.62 5.70 12.32 ¥
abc de bc b bcd cd de
1982 Jan 71.73 2.27 11,74 53.69 19.46 0.55 20.06 156,03 9.40 21.81 5.81 16,92 27.07 0.03
bcd cde c b bed cad abe
N.9. NoS. N.S, NeSa N.s. NeSe NeSe
PSE, phosphoserine; ASP, aspartic acid; THR, threonine; SER, serine; * FEach amino acid analysed by 2 way analysis of va}iance.
ASN, asparagine; GLN, glutamine; PRO, proline; GLU, glutamic acid; ** Different letters in columns indicate significant difference
GLY, glycine; ALA, alanine; VAL, valines CYS, half cystine; : at P < 0,05,

CYN, cystathionine; MET, methionine,.



Table 6.3.3.2 Variation of amino acid concentration (means for n=3,
as Jg/g dry weight of leaf) in mature E, camaldulensis
foliage from July 1980 to January 1982,

SAMPLING
TIME AMINO ACIDS
GLU
Year Month ILE LEU TYR PEE BALA GABA ORN ETH LYS HIS ARG TOTAL +GLN
1980 July 5.08 4.09 4.28 21.21 3.27 23,99 1.40 - - - 13.80 681.93 342.76
ab ab be a b b b be be b
Sep 6,39 4.43 5.31 20,63 3.52 55.90 5.91 23.94 5,39 4,39 68,46 1183.47 512,72
a a ab a a a ab a a a
Nov 5.61 4,09 7.80 12,97 0,48 22,42 2,29 3.87 4,61 Te52 40.54 908.23 307.81
ab ab a be b b a b ab be
1981 Jan 4.26 3.58 3.04 15.31 - 11,57 6.06 4,81 5433 4,31 5.20 426,01 134,97
becd abc bed ab b a ab c cd a
Mar 3.80 2.97 2,22 7.89 = 14.78 1.58 - - - 2.10 271,11 90.24
bed abcd bed c b b b c d d
May 3.28 2.56 2.90 8.29 - 12.62 2,90 0.56 2,17 0,51 1.18 372.31 78.10
cd bed becd c b b b c a a
July 2,58 1.54 1.85 8.11 1.58 15,47 1.02 = - - 0.10 351.27 148.12
d d cd c b b b c d d
Sep z.77 1.36 1.34 11.40 0,85 17.93 0.63 o » - 0.51 450.47 185,72
d d d bec b b b c cd bed
Nov 3.12 3.73 2.55 15,50 6.04 18.94 1,56 o 1.90 0.44 1.89 482.35 207.15
a abec cd ab b b b : c cd becd
1982 Jan 3.48 2.22 4,05 7.79 0.25 19,92 2,15 - 3.87 0.21 2.85 463,35 156,58
cd cd bcd c b b b c cd cd
NeSae NeSe NaeSe
ILE, iso-leucine; LEU, leucine; TYR, tyrosine; PHE, phenylalanine;
BALA, {3 alanine; GABA, Y amino-butyric acid; * Each amino acid analysed by 2 way analysis of variance.
ORN, ornithine; ETH, ethanolamine; LYS, lysine; HIS, histidine; ** Dif “erent letters in columns indicate significant

ARG, arginine; TOTAL, total free amiro acids. difrerence at P ¢ 0,05.



FIGURE 6.3.3.1.
Variation of total soluble nitrogen and individual
amino acids (as Ug/g dry weight of leaf,
mean for n=3) in mature E. camaldulensis foliage from
July 1980 to January 1982,
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phenylalanine, Y amino-butyric acid, ornithine, histidine and arginine
(see table 6.3.3.1 and 6.3.3.2). The variations in these amino acids are
plotted in figures 6.3.3.1 and 6.3.3.2. With the exception of
phosphoserine and glutamine (fig. 6.3.3.2 c) all the amino acids reach
their highest level in September ~ November 1980 (figs. 6.3.3.1 a,b and
6.3.3.2 a,b,c), the most dramatic variation being observed for glutamic
acid and proline (see also tables 6,3.3.1 and 6.3.3.2). Studying
Ericaceae leaves Eder and Kinzel (1983) found similar trends in the
variation of free amino acids.

The occurrence of phosphoserine in the leaf material analysed is
unuspal (Dr, A.C.Jennings, pers. comm,). Journet and Cochrane (1978}
investigating the amino acid content of E, blakelyi d4id not record the
presence of this amino acid. The presence of phosphoserine in these
samples could be attributed to biochemical breakdown during storage of
the leaf samples prior to extraction and analysis (Dr. A.C.Jennings,
pers, comm.). If this had cccurred then it might be expected that the
highest concentration of phosphoserine would be in the 1980 samples and
it would progressively decline in the samples taken at a later date but
this trend was not observed (see fig. 6.3.3.2 ¢ and table 6.3.3.1). This
compound is the first to be eluted off the column, emerging with the
solvent front. Its ocurrence is therefore an artifact of the column
elution and can be explained as a combination of compounds such as
cysteic and laevulinic acids which react positively with ninhydrin and
are thus assigned as phosphoserine (D. Boehm, pers. comm.).

The variation in glutamine also indicates that biochemical

degradation of the sample by enzymic reactions was small. Since glutamine



FIGURE 6,3.3.2
Variation of individual amino acids (Ug/g dry weight
of leaf, mean for n=3) in mature E., camaldulensis
foliage from July 1980 to January 1982,
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is one of the less stable amino acids (Dr. A.C.Jennings, pers. comm.) it
might be expected that glutamine would be at a lower concentration in the
earlier samples, however, as with phosphoserine it reaches a maximum in
July 1980. It is likely however, that some glutamine may have been
hydrolysed to glutamic acid by the methanol-HCl solution used to
redissolve the test extracts. It is therefore more accurate to combine
the amounts of these two amino acids (table 6.3.3.2) and consider the
trends of the resultant combination which follows very closely the curve
observed for glutamic acid (see tables 6.3.3.1, 6.3.3.2 and fig.

6.3.3.1 a).

Despite the variation across time, two way analysis of variance
for total soluble nitrogen and each individual amino acid did not reveal
a significant difference between the sampling sites although the trend
observed for total nitrogen is still apparent (see tables 6,3.1.2 and

6.3.3.3).

Table 6.3.3.3 Variation of total solulle nitrogen (mean * SE,
as Ug/g dry wt. of leaf) between sampling sites.

SAMPLE SITE

CONC. NE NW SW
Mean 624.12 537.89 515.14
SE + 91.29 +116.21 + 94.89

Analysed by 2 way analysis of variance, P > 0,05,
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The high values for soluble nitrogen observed in the September -
November samples for 1980 (figs, 6.3.3.1 and 6.3.3.2) indicates the
possibility that the trees sampled were subjected to a water deficit
since free amino acids, particularly proline, are known to increase when
a plant is droughted (Barnett and Naylor, 1966; Hsiao, 1973; Singh et al,
1973 a and b; Huang et al, 1979; Miles et al, 1982 b; see also Review
sec. 1.7).

Meteorological data from the Waite Agricultual Research
Institute (table 6.3.3.4) show that the monthly rainfall for January,
February and March 1980 and again for August and September 1980, were
much lower than that of the running mean taken over a 56 year period,.
Since the pan evaporation at these times is high (see table 6.3.3.4) it
is possible that the level of the water table dropped sufficiently to
subject the test trees to water stress; the succeeding rainfall
replenishing the water table so that the water depleted months of
February and April 1981 did not reduce its level sufficiently to result
in another significant water deficit for the trees in this period.

No soil moisture data are available from the study area to
support this viewpoint. However, two phenological observations were made
which provide support for the weather data which were recorded less than
3 km West of the study area. The first was that in spring - summer 1280
ground vegetation died or wilted about 2 months earlier than it did in
the same period of 1981l. The second was that, in 1980, the typical bent
flaccid petioles of the leaves of the test trees, indicating severe
stress (see Miles et al, 1982 b) were a noticeable feature during

February, March and September. In 1981, this was noticeable in late



Table 6.3.3.4

meteorological station.

Monthly rainfall (mm) and pan evaporation (mm) from
the Waite Agricultural Research Institute

MONTH
YEAR STATISTIC Jan Feb Maf Apr May Jun Jul Aug Sep Oct Now Dec
1980 Rainfall MT 9.8 0.8 1.0 75.0 43,4 92.2 104.2 22.8 27.8 107.2 46.8 27.2
RM 23,7 27,7 21.0 55.9 79.3 72.9 85,3 72.5 62.7 55.1 38.8 30.0
Pan MT 202.2 208.8 170.3 117.2 74.2 46.6 48,2 78.4 106.2 142.6 176.6 225,2
Evape.
RM 232.2 200.6 172.5 107.0 64,6 46.5 48.5 65.6 94,5 140,7 175.2 212.6
1981 Rainfall MT 26.8 2.8 66.4 3.0 61,2 179.0 137 .0 126,2 51,0 32.2 35,6 26.8
RM 23.8 26.6 21,8 55.0 79.0 74.0 86,7 73.4 62,5 54,7 38,7 29.9
Pan MT 262.6 221.0 124.0 119.0 70.6 42,2 53.4 65,2 104.4 145.0 169.2 197.6
Evap.
RM 236.4 201.5 170.4 107.5 64.9 46.3 48.7 65.6 95.0 140.9 175.0 212,0

MT, monthly total; RM

RM 2,
RM 3,
RM 4;

running monthly
running monthly
running monthly

1, running monthly mean over 56 yrs.;

mean over 22 yrs;
mean over 57 yrs,.;
mean over 23 YyXsSe
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February only ( Dr. F.,D.Morgan, pers. comm,).

Stress related to high temperatures and low air moisture is
indicated by the pan evaporation figures which indicate that low rainfall
was probably the major contributor to stress in the trees in summer of
1980 whereas evapotranspiration may have been more important in the same
period of 1981. In the latter, the good summer precipitation probably
offset the higher temperatures so that water stress in the trees was not

as noticeable as in 1980,






CHAPTER 7

General Discussion.

"We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started

And know the place for the first time."

T.S. Elliot: The Gidding

Nitrogen has often been considered as a limiting nutrient for
the growth and survival of herbivores. As early as 1953, Fennah suggested
that plants vary in their nutritional complement and may not be
nutritionally adequate at all times. Many latter studies have emphasized
the role of nitrogen in the performance of phytophages (van Emden, 1966;
Pradham, 1971; Onuf et al, 1977; McClure, 1979, 1980; Lindig et al, 1980;
Iheagwam, 1981; Myers and Post, 1981; Rausher, 1981; Tabashnik, 1982).
This evidence generally indicates that the proportion of nitrogen present
in plant foliage is, at times, inadequate for herbivore growth and
survival (Southwood, 1973; Fox and Macauley, 1977; Slansky and Feeny,
1977; McNeill and Southwood, 1978; Mattson, 1980; Scriber and Slansky,
1981; Degabrieie, 1981; Lincoln et al, 1982; see also chap. 1, sec. 1l.4).
In line with this body of evidence White (1966, 1969, 1978) proposes that
water stress triggers the production of increased soluble nitrogen in
plant foliage rendering it more nutritious and thereby resulting in a
population increase or outbreak of herbivores feeding on such improved

diets, This stimulus for outbreak is higher survival in the early stages
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of their life cycles, due solely to the increase in available nitrogen.

Uraba lugens Walker offered alternative ways of examining this

and opposing hypotheses because of its differential performances on
plants across its food plant range (see chap. 2) and its acceptance of
synthetic diets. Firstly, White's theory was no longer as general as he
had inferred in 1966, so it was appropriate to look both at insect
performance on natural or simulated diets and diets selected for the
influence of specific components. Secondly it was already well known that
water stress influenced the nitrogen content of foliage on affected
plants (see chap. 1, sec, 1.7). That part of his theory was therefore not
in question. What had not been adequately demonstrated was the link
between increase in stress—-induced components of available nitrogen and
significant increase in population density of the early instars of the
phytophage (see chap. 1, sec., 1.8), especially in the stimulation of pest
outbreaks.

The studies completed therefore followed a careful sequence,
As U. lugens is an eruptive rather than a cyclic outbreaking pest
(see Berryman, 1980; Morgan and Cobbinah, 1977) it could be stimulated to
increase population density if the critical components of its environment
that synchronize to cause such increases were known and were manipulated
properly. This insect, in nature, does not appear to be regulated by
parasitoids and predators (Campbell, 1962, 1966; Harris, 1972; Morgan and
Cobbinah, ibid.). Thus examination of its performance relative to changes
in the quality of its food plant was justified in attempting to
understand its population dynamics. Also adults do not feed, which

permitted studies to be concentrated on the caterpillars and
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"performance" therefore could be restricted to developmental time,
survival and potential fecundity, the latter derived from female pupal
weight using Cobbinah's (1978) positive correlation of these factors.

Possible manipulation of nutrient levels in food were derived
from chemical analysis of natural food as well as monitoring variation in
nitrogen seasonally for consecutive generations of the insect in the
field (figs. 6.3.1.1, 6.3.3.1, 6.3.3.2 and tables 6.3.1.1], 6.3.3.1,
6.3.3.2). Because of the physiological interaction between certain
phenolic or total phenolics and the nitrogen in foliage (Graham, 1983)
and especially the possibilities that:

(i) Phenolics themselves may reach toxic levels (Morgan, 1984).

and (ii) Phenolics may influence the assimilation of nitrogen from
the gut (Reese, 19785.
These likely interactions were included in attempts to determine those
factors that might provide the critical components of the relationship
between U. lugens and its food.

Because «f time limits, selected components only could be
studied, thsse included being either, necessary to insect nutrition or
known to vary significantly with effects of stress on food plants.,

I attempted to determine "adequate controls" for a number of
treatments by including at least two, fresh diet and base diet, Often
another, base diet+combined components of the test diets, was available.

Let us now examine in sequence the following components of
theories relating food quality and guantity to insect performance and

pest population dynamics and then compare my results with them,
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I (a) Plants are usually an adequate source of nutrients for
herbivores (Fraenkel, 1953, 1959).
(b) Plants are often inadequate sources of nutrients for
herbivores (White, 1978; McNeill and Southwood, 1978).

Uraba lugens successfully colonises a number of eucalypts and

near relatives, the foliage of which ranges from about 0.8 - 3.0% total
nitrogen (see Cobbinah,1978; Cobbinah et al, 1982; Lambert and Turner,
1983), Satisfactory food plants, those on which the insect completes
development in low numbers, and good food plants with better larval
survival, occur throughout the range, Its most common food plant in

South Australia is river red gum (Eucalyptus camaldulensis) which in

nature seasonally varies in total nitrogen in mature foliage from about
1.1 - 3.0% with highest levels in spring / summer and lowest levels in
winter (fig. 6.3.1.1; Morgan 1984). Peak or outbreak populaticns have
been recorded in both winter and summer generations (Campbell, 1962,
1966; Morgan and Cobbinah, 1977).

The evidence tends therefore to supporc Fraenkel rather than
White. Yet I have demonstrated that available food may not always be
adequate for U. lugens (see fig, 2.4.1). Host selection, or selectioun of
egg hosts and food plants, is therefore not apparently due to nutrient
value (see also Cobbinah et al, 1982). Good food plants such as river red
gum do apparently appear to regulate caterpillar nutrition by altering
the Nitrogen / Phenolic ratio in the food (figs. 5.3.2.1b, 5.3.3.1lb,
6.3.1.1 and tables 5.3.2.1, 5.3.3.1; see also Miles et al 1982 b;

Morgan 1984),
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Total nitrogen may never be at critically low levels but because
phenolics such as quercetin decrease the assimilation of nitrogen from
the gut when above a concentration threshold in the food, caterpillar
performance may decline, This evidence supports the findings of Reese
(1978). It indicates that a pest / tree interaction provides adequate
food for a herbivore until the tree is damaged to a level where it must
protect itself. It appears to do this by altering the Nitrogen / Phenolic
ratio with nitrogen decreasing and phenol increasing. Increasing phenol
is the critical factor (Morgan, 1984) and artificially increasing
nitrogen with fertilizer may offset the disadvantage to the herbivore.

It seems therefore that nitrogen may always be adequate for
U. lugens but the level of assimilation may not be at certain times,

If this is what White means by "available nitrogen™ and apparent shortage
of nitrogen, my data provide support. The problem is not that the
nitrogen is not available but that it is prevented from being assimilated
via the gut membrane (Reese, 1978), This evidence indicates that
"available" needs specifying as to its meaning or should be replaced by
“assimilablé“ to indicate its transfer to the "blood" for utilization in

metabolism.

II (a) Water stress increases available nitrcgen in foliage
which results in survival of more first instars feeding

on it and thus leads to pest outbreaks (White, 1978).,
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(b) Water stress leads to a manifold increase in proline and
often an increase in total nitrogen (Miles et al, 1982b,
Singh et al, 1973) but plants high in proline do not
improve the performance of a number of arthropods and
molluscs (Bright et al, 1982),

As it has already been shown (Miles et al, 1982b) that water

stressed E. camaldulensis plants did have increased proline and total

nitrogen in their leaves, I concentrated on plants having no water
stress, low water availability (drought) and waterlogging (flooding).
The latter was included because of the reported effects of flooding of
forests of river red gum on U. lugens populations (Campbell, 1962;
Harris, 1972).

My data (fig. 4.3.1.2.1; tables 4.3.1.1.1], 4.3.1.2.,1, 4.3.1.3.1)
do not clearly support White's or Bright et als' hypothesis. What
happened, was that pupae from the two stress treatments were larger and
adults potentially more fecund. There was no improved survival in the
treatments over the control but "performance" of those larvae reared on
the stressed plants was improved in the form of significantly larger
size, There was a tendency toward lower survival in the flooded
treatment, though significantly lower than the control only at instar VI
(P < 0.05; see table 4.3.,1.2.1). If significant also at instar XI, this
would have supported the results of Campbell (1962) and Harris (1972) and
be in accord with the present knowledge of the physiology of waterlogged
plants. For although waterlogging is known to increase proline in the
foliage (Singh and Singh, 1981), ethylene which stimulates the activity

of phenylalanine ammonia-lyase also increases (Blake and Reid, 1981;
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Bidwell, 1979; Bradford and Yang 1980; Hunt et al, 1981) and may
therefore lead to an increase in the plant's phenols. This is contrary to
the physiology of the plant during drought, where phenolics present in
the foliage have been observed to decrease (Miles et al, 1982b; see also
chap. 6, sec. 6.3.2 and figs, 6.3.1.1 and 6.3.2.1), although ethylene has
also been observed to increase in plants subject to water deficit
(Apelbaum and Yang, 1981). Thus the influence of waterlogging on plant
allelochemics requires further investigation.

Water stress may therefore lead to better growth rates of the
herbivore and higher fecundities which may stimulate a pest outbreak.
This may however be due to the fact that stressed plants (especially
plants subject to drought) are unable to alter the Nitrogen / Phenolic
ratio as unstressed plants appear to do as foliage damage levels increase
(Benz, 1974; Wratten et al, 1981; Haukioja, 1982; Schultz and Baldwin,

1982; Edwards and Wratten, 1983; Morgan, 1984; Tuomi et al, 1984).

Supporting studies:

I felt that at least two factors might be involved in outbreaks
of U. lugens. Firstly, increases in nitrogen in leaves or increases of
particular amino acids in leaves over others, might result in improved
overall performance of this moth. Secondly, as Cobbinah et al (1982) had
found, that poor or non food plants occasionally became satisfactory for
development and survival of this insect, perhaps this was due.to stress,
plus improved levels of nitrogen or a more satisfactory Nitrogen / Phenol
ratio. Therefore I looked at changing the survival curve at two points.

By adding nitrogen to diets (chap. 3) or to foliage (chap. 4) I could
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(a) increase survival of early instars
and (b) increase survival of late instars.
That is, I could change a Slobodkin type II, III or IV survival curve
into, respectively a type I, II or III. Alternatively, I could change the
Slobodkin I curve into another where survival improved in the late
instars to what I will term a Slobodkin Ia survival curve (see figs.
2.4.1 and 2.,4.2 for comparison).

Four possibilities were available, I could modify the nitrogen
level in good or poor food plant leaves, or I could manipulate diets from
both good food plant leaf powder or poor food plant leaf powder.

Encouragement for the latter combinaticn was the remarkable
studies of Cobbinah et al (1982) where they demonstrated that the
threshold of effect of poor food plant could be derived by diets where
increased proportions of one were added to the other,

My results of these experiments indicated:

(a) On diets containing good food plant leaf powder, that
increased proline and valine in diets gave survival
similar to those on fresh diets. Base diet + arginine
was also superior to other diets (fig. 3.3.4.1 and
tables 3.3.4.1, 3.3.4.2).

(b) On diets incorporating leaf powder of the poor focd
plant, diets with added valine, proline and combined
amino acids all produced some pupae. Though the valine
and combined treatments were 3 and 2-fold higher in
survival than that on fresh diet, variability in the

replicates was high,
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The interest here is that valine and proline alone, as additives were at
least as successful as combined amino acids and fresh leaves. These two
amino acids are known to increase in leaves following water stress of a
plant (Hsaio, 1973; Singh et al, 1973). In my study proline increased
markedly but valine did not (table 6.3.3.1 and Fig. 6.3.3.la). There is a
case for increased valine in the diet as a possible stimulator of better
larval survival and fecundity with proline also having some effect.
There may even be an "additive effect” when both are increased in the
diet of this moth (table 4.3.2.1). This also should be further
investigated.

Thus for U. lugens, an oligophagous mature leaf feeder, an
increase in the proline / valine complement of a food plant's foliage
togegher with a decrease in its phenolic content (viz. quercetin) at a
critical stage in its life cycle (e.g. after eclosion) may result in an
increase in its development rate, growth and survival leading to a
greater number of potentially more fecund individuals.

The results of this study therefore suggest that it is a balance
between thehdeleterious and advantageous components of a plant that
determine the performance of its asscciated phytophages, So that if
environmental conditions altexr this balance such that components
deleterious to its associated phytophage decrease and this change is
synchronized with a critical stage in the insect's life cycle then a
population "outbreak" may occur. In other words water stress may render
the nitrogen component of a plant's foliage more "assimilable" to its
phytophagous insect population., If however a phytophage can adjust its

feeding rate or digestive physiology to compensate for levels of "toxins"
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in its diet (Slansky and Feeny 1977; Auerbach and Strong, 1981) or has
evolved a detoxifying mechanism for these compounds (Brattesten et al,
1977) then this change in the insect's performance may not occur as
observed by Miles et al (1982b) (see also Bernays, 1978).

Therefore if a chewing phytophagous insect is susceptable to its
food plant allelochemics such that they act as (a) antifeedants,
inhibiting ingestion, and / or (b) inhibit the assimilation of avialable
nutrients in the ingested food, and these compounds decrease with water
stress together with a corresponding increase in specific beneficial
nutrient components at a critical ﬁoint in the insect's feeding life,

then an increase in the insect's population may occur in nature.
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Appendix 3.3.1.1

Acceptance of E. camaldulensis diets by U. lugens
larvae.

(L = amino acid at 0.01M; H = amino acid at 0.05M)
Mezn no. of larvae (mean for n = 10) on Diet * SD
(Time interval = 15 min)

Time Interval
Diet 1 2 3 4 5 6 7 g
Base + 1,3 2.7 * 1.3 2.7 £ 1.3 2,6 £ 1.1 2,4 % 1.2 2.8 * 1.8 2.7 = 1.7 2.7 * 1,6
+ Pro, L + 1.1 2.5 * 1,5 3.3 £ 1.6 3.2 ¢ 1,5 2,5 = 1.6 2,5 ¢ 2.0 2.1 + 1.8 2,0 £ 1.9
+ Pro. H 3.9 = 0.9 4.0 = 0.8 3.6 * 0.7 3.3 ¢ 1,3 3.3 £ 1,3 2.7 £ 1.3 2.6 £ 1,5 3,0 £ 1.3
+ Val. L 5,0t O 5.0 O 5.0 &+ 0O 5.0 ¥ 0 5.0 £ O 5.0 O 5.0 = 0 5.0 O
+ Val. H + 0.5 4.8 = 0.4 4,5 * 0.5 4,2 £ 0,6 4.2 % 0.5 4.5 * 0.6 4,2 *+ 0.6 4,3 £ 0.7
+ Asp. L 0.6 £ 0.5 0.8 ¢ 0.9 1.0 + 0.8 1.2 + 0,6 0.8 = 0,8 1.2 £ 0.9 1.0 £ 1,1 0.6 + 0.8
+ Asp., H 2.6 + 1.3 2.6 * 1,3 2.4 * 1.1 1.6 + 0.8 1.2 ¢+ 1.0 0.8 + 0.6 0.7 + 1.1 1.1 ¢ 1.0
+ Met. L + 1,3 1.8 £ 1.6 3.2 * 1.4 2.9 £ 1.4 2,9 £ 1.7 2,7 £ 1.4 2,7 t 1.6 2,1 £ 1.3
+ Met. H + 1.8 3.3 + 0.8 2.1 * 1.4 2.5 £ 1.0 2,5 £ 1.1 2,2 g 0.6 1.6 £ 1.2 1.1 = 1,2
+ Axg. L 1.1 2.4 £ 1.0 2.5 £ 1.1 2.3 £ 1.3 2.2 % 1.4 2.4 * 1,2 2.6 £ 1.3 3.0 £ 0.9
+ Arg. H + 1.2 2.4 ¢ 1.1 2.8 £ 1.0 2,5 £ 1,0 2,5 * 1.0 2.9 % 1.3 2.6 1.2 2.6 * 1.4
+ Try. L 4.4 * 0.7 4,0 £ 0.7 3.9 ¢ 1.1 3.8 £ 1.1 3,9 ¢+ 1.1 3.8 % 1.2 3.8 £ 1.2 3.6 + 1.3
+ Try. H + 0.5 4.3 * 0.8 4.4 £ 0.7 4.3 % 0.7 4.4 = 0.5 4,1 = 0,7 4.2 + 0.6 3.9 %+ 0.7
+ All L t 1.2 3.4 £ 1.1 3.5 %+ 0.9 3.6 £ 1.0 3.2 * 1.0 3.5 £ 1,0 3.8 * 0.8 3.4 £ 0.8
+ All H 0.7 4,0 * 0.7 4.1 = 0.7 4.0 * 0.7 3.9 * 0.7 3.9 * 0.7 4,0 % 0.8 4.1 * 0.7
Fresh * 0.6 4,2 * 0,5 4,3 * 0.7 4.3 £ 0.7 4.4 * 0,5 4.4 £ 0.7 4,5 + 0.7 4,6 ¢ 0.7

89T



: i = .
! [
i b
!
L
I ¥
|
|
1
h
|
il
!
Il
{|
|
I
3
.
P




Appendix 3.3.1.2

Acceptance of E. platypus diets by U. lugens larvae
(L = amino acids at 0.01M; H = aminc acids at 0.05M)
Mean no. of larvae (mean for n = 10) on Diet * SD
(Time interval = 15 min.)

Time Interval
Diet 1 2 3 4 5 6 7 8
Base l.4 + 1.1 2.0 + 1.6 2,2 1,7 2,0 = 1.4 2.0 £ 1.4 1.8 £ 1.8 1.5 £ 1.7 1.7 £ 1,5
+ Pro. L 4,0 = 1.1 3.3 £ 1.1 3.2 £ 1.2 2.9 % 1.2 2.6 + 1,0 2,7 % 1.3 2,0 ¢+ 1.4 2,2 £ 1.1
+ Fro., # 3.2 & 1.5 3.4 £ 1.5 2.9 £ 1,6 2.5 1.7 2.8 + 1.6 2.6 £ 1.3 2.8 £ 1,0 2,5 * 1,3
+ Val, L 5.0 ¥ O 4.5 £ 1.0 4.5 t 0.5 4,5 * 0,5 4.5 £ 0.5 4.5 £ 1.0 4.0 + 1.1 4.1 £ 1.1
+ Val, H 4.3 = 1.1 4.3 = 1.1 4,1 £ 1,4 4.2 + 1.1 3.7 £ 1.3 3.7 £ 1.3 3.6 £ 1,4 3.5 £ 1.5
+ Asp. L 0.6 £ 0,7 0.8 + 0.8 1.1 £ 0.9 0.5 % 0.5 0.5 * 0.7 0.3 * 0.7 0.4 * 0.5 0.4 + 0.7
+ Asp, H 3,1 £ 1,5 2.6 % 1.3 2.4 ¢ 1.1 1.6 = 0.8 1.2 £ 1.0 0.8 * 0.6 0.7 £ 1.1 1.1 # 1.0
+ Met. L 2.0 £ 1,2 1.6 + 1.3 1.5 = 1.3 1,9 + 1,2 1.6 + 1.0 1.5 £ 1.2 1.8 = 1.3 1.2 £ 1,2
+ Met. H 2.2 1,6 2.4 + 1.4 2,0 £ 1,2 1.7 ¢ 1.1 1.6 £ 1,1 1.0 £ 1.1 1.2 £ 1.2 1.1 = 1.1
+ aArg. L 0.7 £ 0.8 0.6 + 0,7 0.7 £ 0.7 0.8 * 0.6 0,5 * 0,5 0.7 + 0,8 0,9 £ 0,7 0.7 + 0.8
+ Arg. H 1.1 £ 1.1 1.2 £ 1.4 1.1 # 1.1 1.0 £ 1,1 1.3 + 1.2 1.0 = 0.9 1,2 £ 1,0 1.0 = 1,1
+ Try. L 3.7 % 1.2 3.9 * 0.9 3.8 1,0 3.5 ¢ 1.0 3.1 £ 1.1 3.1 £ 1.2 3.0 £ 1,1 3.0 £ 1.1
+ Try. H 4.4 * 0.7 4.2 * 0,6 4.0 = 0.7 3.7 £ 0.9 3.L + 0.8 3.4 £ 1.0 3.3 £ 0,9 3.1 £ 1,0
+ All L 2,1 £ 1.2 2,0 £ 1.2 1.8 % 0.9 2.1 £ 1.3 Z.L + 1.2 1.8 * 1.4 2,0 £ 1,2 1.9 £ 1,3
+ All H 4,2 = 1.0 2,9 t 1.7 3.1 £ 1.7 2.9 £ 1.6 Z.L 2| 255 2.9 * 1.4 2,7 £ 1,6 2.7 * 1,6
Fresh 0.6 = 0.7 0.7 ¢ 0.7 0.7 * 0.5 0.6 £ 0.7 1.‘0 * 1.1 0.9 £ 1.0 1.2 £ 1,0 0.8 * 0,8
|
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Appendix 5.3,1 Utilization of diet by U. lugens larvae on diets of
differing phenol content and specifications of the
diets used.

Test Diet Mean Mean
3Conc, sMC TND TND DC NC FW TFEN *UD $UND S1 s2 S2
Control 29,66 19.91 21,19 25.78 0.55 11.15 12.59 56.75 74.30 3 3 3.50
21.07 40.57 0.86 25.57 16,64 36.97 50,50 3 3
+ 1.32 21.97 * 0.87 33.15 0.73 20.90 11,13 36.93 66.87 4 4 * 0.58
22,02 28,23 0.60 16,88 9.81 40.21 72.32 4 4
20.98 E
Caffeic 0.5 25,23 28.55 29,15 32,99 0.96 29.30 27.97 11.18 14.78 4 2 1.25
acid 27.00 36.54 1.07 32,66 30.49 10.60 6.50 3 1
* 0,43 1.64 +* 1,75 35.75 1.04 31,75 36.40 11.19 -10.89 3 1 + 0.50
29.98 35.23 1.03 31.36 23,27 10.99 28.94 4 1
28,59
1.0 25,29 29.71 29.58 44,38 1.31 29,50 29,42 33.52 33.89 4 3 3.25
26,61 35.7% 1.06 21.72 32.77 39.26 32,71 4 4
+* 0,23 32,03 +* 1,96 43,71 1.29 31.96 27.11 26.88 32,99 4 3 + 0.50
29,31 37.77 1.12 26.00 30,50 31.16 29,02 4 3
30.25
5.0 28.40 26.61 29,21 22.00 0.64 19.57 26,69 11.00 18.72 4 0 1.25
25,84 23.47 0.68 17.27 26,88 26.45 32.30 4 0
* 0,46 36,28 * 4,16 30.22 0.88 24.28 28.64 19.67 21,24 3 2 * 1.50
29.18 23.79 0.70 22,00 24,88 7.50 21,22 4 3
28.14
10.0 33.09 21.20 21.89% 30,02 0.66 20,75 22,02 30.88 30.47 4 3 2,25
20.43 43.71 0.96 31.25 22,36 28,51 26.97 4 2
* 1.0C 24,68 +* 1,73 51.71 1.13 29,60 30.28 42,75 20.82 4 3 + 0.96
22,40 42.18 0.92 24.30 29,€5 42,50 30.01 3 1
20,76

IMC = & moisture content * SD, n = 10; TND = total nitrogen in diet (mg / g dry weight); Mean TND = mean total nitrogen in diet * SD (n = 5))
DC = dry weight of diet consumed per insect (mg); NC = nitrcgen consumed per insect (mg); FW = dry weight of frass produced per insect (mg);
TFN = total nitrogen in frass (mg/g dry wt. of frass); 3UD = % Utilization of total diet; %UND = % Utilization of nitrogen in diet;

51 = number cf larvae after 2 days on diet (original number of larvae = 4); 52 = number of larvae surviving after 5 days on diet;

Mean S2 = mean of S2 * SD,

Cata on larval diet consumption and utilization taken over 5 days.
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Appendix 5.3.1 Cont.

Test Diet Mean Mean
3Conc. TMC TND TND DC NC W TFN sUD $UDN S1 s2 s2
Chlorogenic 0.1 25.37 28.16 32,32 23.79 0.77 16.38 25,69 31.17 45.29 4 4 3,50
acid 36.67 33.74 1.09 21.90 31.35 35,09 37.04 4 4
+ 0.65 31.64 + 3.45 35.47 1.15 20.17 39.80 43.13 29,97 3 "3 * 0.58
34.89 28.00 0.91 18.16 31,717 35.14 36.24 3 3
30.22
0.5 26433 28.94 28.44 25.07 0.71 18,33 32.19 26,90 17.26 3 2 2,50
27.00 13,41 0.38 10.65 19.99 20,55 44.18 2 2
t 0,85 30.10 + 1.24 28.30 0.80 21.80 19.53 22.97 47.10 4 3 * 0.58
27.46 34.02 0,97 26.20 23.14 22,99 37.34 3 3
28.69
1.0 28,00 28.94 30.36 51.44 1.56 32,70 4.99 36,43 89.55 4 4 3.30
28.55 55.23 1.67 39.90 31.27 27.76 25,59 3 3
t 0,87 34.74 + 2,53 5€.68 1.72 41.70 29.92 26.43 27.50 3 3 + 0,58
30.25
29,31
1.8 27.93 27.00 29,15 80,42 2,34 49.35 23.71 38,63 52.32 4 4 3.50
26.33 65.78 1.92 47,16 25.76 40,24 36.64 4 3
+ 0,91 32.80 +* 2,89 70.60 2.06 52.10 29.52 26,20 25,52 4 4 + 0.58
31.55 76,98 2.24 49.11 27.29 35.62 40.27 3 3
28,14
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Appendix 5.3.1 Cont.

Test Diet Mean Mean
sConc, IMC TND TND DC NC W TFN 30D SUND s1 s2 s2
Gallic 0.5 24,75 27.78 29,22 44.99 1.32 31.68 29.80 29.50 28.19 4 3 3.00
aciad 26.64 47.02 1.37 32.05 32,39 31.84 24.45 4 3
* 0,22 32,88 * 2,49 + 0
30.56 43,58 1.27 30,49 30.83 30.04 26,18 4 3
28,24
1.0 26,62 27.78 28,89 63.39 1.80 45.20 29.85 27.50 25.15 3 3 2,75
27.00 29.20 0.84 17.65 32.61 39.55 31.77 2 2
+ 0,53 31.92 + 2,87 29,60 0.86 17.40 21.96 43,38 55,32 3 3 t 0,50
28.45 37.67 1.09 21.45 36.97 43,06 27.13 3 3
29.32
5.0 26.02 23,52 24.82 44,69 1.11 29,50 18.69 33,97 50,29 2 2 3.00
23.91 44.65 1.11 27.90 23,74 37.50 40.23 4 4
+ 0.57 26,76 t 1.26 46.23 1.15 29.44 20.99 36.32 46,14 4 3 + 1,00
25,03
24.87
10.0 31.85 21.97 21.74 36,62 0.78 19.35 14.75 47.16 63.71 3 2 2.66
20,51 33.31 0.72 23,14 18.68 30.53 40.30 3 3
+ 1.32 22.41 + 0,83 32.10 0.70 25.95 20.32 19.16 24,43 3 3 + 0.57
21.31
22.49
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Appendix S.3.1 Cont.

Test Diet Mean Mean
¥Conc, sMC TND TND DC NC FW TFN sUD SUND sl s2 52
Quercetin 0.5 25.65 31.52 32.25 30.15 0.97 19.75 35.26 34.49 28.38 4 3 3.50
31.26 39.29 1,27 22.38 40,41 43,04 28,63 4 4
,1,23 33.96 + 1.08 42.61 1.37 29,88 30.82 29.87 32.98 3 3 + 0,58
32.57 38.10 1.23 29.20 24,52 23.36 41.73 4 4
31.95
1.0 27.33 27.78 29.51 18.84 0.53 10.30 39.45 45,32 26,91 3 1 1,00
27.00 23,66 0.69 7.86 48.82 66.78 45.05 4 0
+ 0.68 32.80 + 2,27 37.71 1.11 21.60 35.38 42,72 31.33 4 2 + 0.80
30,22 26.87 0,79 13.59 39,28 49.42 32,66 3 1
29.97
S.0 28.95 24,68 25.69 42,90 1.10 31.40 32.04 26.81 8.71 4 al 1,00
22.75 40.58 1.04 29,10 32.02 28,29 2,08 3 2
t 0.65 29.32 + 2.48 42,33 1.09 30,65 31.76 27.59 10.48 3 1 + 0,80
26.78 27.06 0.70 23,70 28.17 12,42 3.96 3 0
24,92
10,0 29,21 20.43 21.50 31.52 0.68 27,91 24,27 11.45 0.05 3 2 1.25
20.04 43,22 0.93 32.78 29,43 24.16 -3.80 4 3
t 0,65 23.91 + 1,51 39,65 0.85 37.65 24.91 5.00 -10,02 3 0 + 1,50
21,68 40,82 0.88 38.06 26.93 6.90 -16,79 3 o}
21,42

LT
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APPENDIX 6.2.3.1 Amino acid chromatography.

Chromatograms were run on 20 cm square glass plates spread with
Sigma-cell Type 100® (20% slurry) on an automatic plate spreader at 0.4mm
slit width, and dried for 24 hrs. Samples and standards were spotted onto
plates and run upwards in a chromatography tank in the following solvent
solution: iso-propanol 60ml.; methyl-ethyl-ketone 15ml.; 1M hydrochloric
acid 25ml. The plate was then removed from the chromatography tank and
allowed to dry in a fume hood.

Plates were sprayed with 0.1% ninhydrin in ethanol (50 ml.), to
which was added 15ml., glacial acetic acid and 2ml. 2:4:6 collidine, and
dried in a 100°C oven for 10min. or until the plate had developed
sufficient colour.

Amino acid standards were prepared as lmg. standard amino acid

per ml., of 50% methanol in 0.1M hydrochloric acid.
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APPENDIX 6.2.3.2 Determination of total free amino acids by

spectrcphotometry.

Ref: Rosen, H.,A. (1957)., Arch. Biochem. Biophys. 67: 10-15.

REAGENTS:

Stock NaCN: 49mg NaCN in 100ml distilled water,

Acetate Buffer: 1080g sodium acetate trihydrate in 800ml
distilled water to which was added 20ml,
glacial acetic acid. Made up to 3 litres
with distilled water (pH 5.3 - 5.4),

Acetate-Cyanide: 20ml, of stock NaCN made up to 1 litre with
acetate buffer (0.2 mM NaCN in acetate
buffer),

Ninhydrin: 3g of recrystalized ninhydrin in 100ml,
ethylene glycol monomethyl-ether
(3% ninhyrin in methyl cellusolve),

Diluent: Isopropyl alcchol and water 1l:1.

Leﬁcine standard: 52mg D~leucine in 1 litre water (0.4mM).
Solutions for standard curve were prepared
as follows: 0.1, 0.2, 0.5 and 1.0 ml of
leucine standard made up to 1.,0ml. with

distilled water (0,04 to 0,4 lUmoles per ml,),
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APPENDIX 6.2.3.2 cont.

METHOD :

To the test solution or standard {(1.0ml.) was added O.5ml.
acetate-cyanide buffer and 0.5ml. ninhydrin solution. The blank was
prepared using 1.0ml of distilled water to replace the test and standard
solutions. This was heated in a water bath for 15min. at 100°C. After
heating, 5.0ml diluent was added to the solution and mixed thoroughly.
The solution was then cooled to room temperature and the absorbance read
against a blank on a Shimadzu spectrophotometer at 570nm. Concentration
for the test samples were calculated from the standard curve as Umole

equivalents of leucine per ml.
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APPENDIX 6.3.1.1 Variation in Total Nitrogen (mg/g dry weight
of leaf) present in mature E. camaldulensis
foliage from January 1980 to February 1982,

SAMPLE SITE

SAMPLE

DATE NE NW SW Mean SD SE
7. 1.80 14.11 17.27 13,72 15.03 1,95 1.13
11 .3.80 15,30 12,14 12.14 13.19 1.83 1.06
10. 5.80 12,53 12,93 12,93 12.80 0.23 0.13
10. 6.80 14,11 12.14 12.53 12,93 1,05 0.68
1, 7.80 15,03 15,30 13.72 14.77 0,91 0.53
1. 2.80 16.48 14,51 16,09 15.69 1.05 0.61
3,11.80 11,74 14.90 14,51 13.72 1,72 0.99
6. 1,81 12,14 12.53 13.32 12.66 0.60 0,35
4, 3.81 10.35 10,95 10.95 11.08 0.23 0.13
4, 5.81 14.51 10.16 10.95 11.87 2.32 1.34
3. 6,81 16,48 13.72 14.11 14,90 1.43 0.83
1. 7.81 16,48 12,14 12,14 13,59 2.51 1.45
1. 9.81 13.72 13.72 14,11 13.85 0.25 0,13
6.,11.81 12,14 10,56 12,14 11,61 0.91 0.53
6., l.82 13,32 13.72 11.74 12,93 1.05 0.61
8. 2.82 15,69 11.74 10.95 12.79 2.54 1.47

Mean 14.03 13.03 12,88 - - -

+ SD l1.88 1.88 1.46 - - -
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APPENDIX 6.,3.2.,1 Variation of Total Phenols
(mg equiv, catechin per g dry weight of leaf)
present in mature E. camaldulensis foliage from

January 1980 to April 1982,

SAMPLE SITE
SAMPLE
DATE NE NW SW Mean SD SE
7. 1.80 82.98 104.25 75.88 87,70 14.77 8.53
11, 3.80 87.70 104.25 68,78 864,91 17.75 10.26
10, 5.80 108,98 loi.88 97.15 102.67 5.95 3.44
1. 7.80 104,25 90.05 82.98 92,43 10,84 6.27
1. 9.80 90,05 80,60 78,25 82,97 6,25 3.61
3.11.80 82,98 134.98 87.70 101.88 28.76 16.62
6. 1.81 84,15 91.95 130.25 102.12 24,67 14.26
4, 3.81 127.88 137.33 114.88 126.69 11.27 6.51
4, 5.81 123.15 114,88 103.30 113,78 9.97 5.76
l. 7.81 102.35 106.60 73.50 24,15 18,01 10.41
1. 9.81 108.98 108,98 80.60 99,52 16,38 9.46
6.11.81 129.30 90.05 97,15 105,50 20.92 12,09
6. 1,82 { 132,60 144,43 106.60 127.88 19.35 11.18
8, 2.82 113.70 101.88 108.98 108,18 5.95 3.44
6. 4.82 104.25 104.25 94,78 101.09 5.47 3.16
Mean 105.55 107.77 93.39 - = -
+* SD 18,04 18.39 17.34 - - -
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Individual free Amino Acid concentrations

(Hg/g dry weight of leaf) in mature
E. camaldulensis foliage from 3 sampling sites,

Amino acids listed in this appendix are abreviated as follows:

ALA

ARG

ASN

ASP

BALA

CYN

cYs

ETH

GABA

GLN

GLU

GLY

HIS

alanine
arginine
asparagine
aspartic acid
B alanine
cystathionine
half cystine
ethanolamine
Y amino-butyric acid
glutamine
glutamic acid
glycine

histidine

ILE

LEU

LYs

MET

ORN

PHE

PRO

PSE

SER

THR

TRP

" TYR

VAL

iso=-leucine
leucine
lysine
methionine
ornithine
phenylalanine
proline
phosphoserine
serine
threonine
tryptophan
tyrosine

valine
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APPENDIX 6.3.3.1 (a) 1Individual free Amino Acid concentrations
(Ug/g dry weight of leaf) in mature

sites at sampling date July 1, 1980.

SAMPLE SITE
AMINO
ACID sW NW NE Mean sSD
PSE 137.14 130,11 91,43 119.56 24,60
ASP 1.52 1.04 0,96 1,18 0,31
THR 5.24 9.63 7.98 7.61 2.22
SER 28,13 43,01 28,03 33,06 8.62
ASN 10,78 - 29.60 13.46 14,98
GLN 35.51 42,30 102,14 5%.98 36.70
PRO 32.84 41.43 38.45 37.57 4,36
GLU 309.30 331.75 207,28 207,77 66,33
GLY 2,11 4.43 5.76 4,10 1.85
ALA 17,22 21,69 14.88 17.93 3.46
VAL 6.20 10.28 5.55 7.34 2,56
CcYs 3.79 14,38 1.38 6.52 6,92
CYN 15,39 14,56 11.12 13.69 2,26
MET 0.09 - = 0.03 0.05
ILE 5.73 5.73 3,78 5.08 1.13
.LEU 3.84 5.27 3,18 4,09 1,07
TYR 2.65 6,37 3,81 4,28 1.90
PHE 23,71 26.58 13.34 21.21 6.96
BALA 9.80 - - 3,27 5.66
GABA 17.06 23.29 31,63 23,99 7.31
ORN - 1.44 2.80 1.40 1.40
ETH - - - - - £
LYS - - - - -
HIS - - - = =
TRP - - - = =
ARG 2.87 38,03 0.49 13.80 21,02
TOTAL 670,93 771,29 603.58 681,93 84,39
GLU+GLN 344,81 374.05 309.42 342,76 32.36
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APPENDIX 6.3.3.1 (b) Individual Amino Acid concentrations
(ug/g dry weight of leaf) in mature
E. EEEEEQElEEEiE foliage from 3 sampling sites
at sampling date September 1, 1980.

SAMPLE SITE
AMINO
ACID sw NW NE Mean SD
PSE 13,44 70,35 85.15 56,31 56,31
ASP 6.64 4,04 3,88 4.85 1.55
THR 20.30 15,67 19,42 18,46 2.46
SER 78.77 67,99 80.23 75,66 6.69
ASN 8.51 18.78 2,44 9,91 8.26
GLN - - 25.39 8.46 14,65
PRO 217.02 151.10 188,96 185.69 33.08
GLU 553,30 436.15 523,31 504.25 60.86
GLY 24,68 20.54 31.24 25,49 5.40
ALA 27.32 26.94 26.30 26.85 0.52
VAL 12.51 6.19 8.52 9,12 3.19
cYs 23.14 40.29 7.04 23.49 16,63
CYN 11.60 63.74 8.02 27.79 31,19
MET 7.55 - 0.51 2,69 4,22
ILE 7437 6.60 5.72 6.39 1.11
LEU 4,81 3,17 5.31 4.43 1.12
TYR 4,57 3.44 7.92 5.31 2,33
PHE 20.72 20.43 20,73 20,63 0.17
BALA - - 210,57 3,52 6.10
GABA 75.17 30.16 62,35 55,90 23,19
ORN - 6.23 5.33 6,19 5.91 0051
ETH 53.12 - 18,69 23,94 26,94
LYS 8.85 2.92 4.40 5.39 3.09
HIS 7.87 2.29 3.00 4.39 3.04
TRP - - - - -
ARG 95,45 34.81 75,12 68,46 30,96
ToTAL | 1288.94 | 1030,93 | 1230.54 | 1183.47 | 135.29
GLU+GLN| 553.30 436,15 548,70 512,72 66.35
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APPENDIX 6.,3.,3.1 (c¢) Individual free Amino Acid concentrations
(Ug/g dry weight of leaf) in mature

at sampling date November 3, 19B0.

SAMPLING SITE
AMINO
ACID sW NW NE Mean SD
PSE 45,89 33.31 46,98 42,06 7.60
ASP 0,87 3.93 3.44 2,75 1.64
THR 16,62 38,42 22,17 25,74 11,33
SER 62,37 59,51 68.87 63.58 4,80
ASN 5,38 46,97 24,44 25,60 20,82
GLN 11.81 - - 3,94 6.82
PRO 52.98 392,81 261.40 235,73 171.36
GLU 83,68 482.23 345,70 303,87 | 202,54
GLY 11,30 26.80 22,05 20,05 7.94
ALA 22,40 26429 19.72 22,80 3.30
VAL 5,71 14.30 17.39 12,47 6,05
cYs 9.25 10.60 1.89 7425 4,69
cyn 6.81 59.12 19,65 28,53 27.26
MET 3.33 - 1,60 1.65 1,67
ILE 4,58 6.62 5.54 5.61 0.98
LEU 3.99 3.74 4,55 4,09 0,41
TYR 3.50 10,07 9,84 7.89 3.73
PHE 1.77 18.57 18.58 12;97 9,70
BALA 1.44 - ] 0.48 0.83
GABA 16,31 10.12 40,84 22,42 16,25
ORN 4,14 = 2,73 2429 2.10
ETH 1.62 = o 3.87 6.71
LYS 78 - 4.06 4,61 4,91
HIS 12,34 - 9,74 7.52 6.70
TRP - - - B -
ARG 8.91 23.33 89.40 40,54 42.92
TOTAL 417.39 | 1266.73 | 1040.56 908,23 | 439.86
GLU+GLN 95,49 482,23 345,70 307.81 | 196.13
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Amino acid concentrations

of leaf) in mature

foliage from 3 sampling sites
January 6, 1981.

SAMPLE SITE

AMINO
ACID SW NW NE Mean SD
PSE 19.16 58,80 33.77 35.58 17.39
ASP 0.98 0.77 4.71 2.16 2,22
THR 13,56 17.64 21.24 17.48 3.84
SER 42.42 59,28 80,08 60,59 18.87
ASN 3,17 9,25 7.02 6.48 3.07
GLN = - 1.02 0.34 0.59
PRO 9.20 21,94 30.63 20,59 10.78
GLU 83.34 30,27 290.29 134,64 137.38
GLY 7,31 18,59 20.58 15.49 7415
ALA 8,75 23.27 25,91 19,31 9.24
VAL 5.54 14.19 9.06 9.59 4,35
CcYs 8,92 5.50 21,18 11.87 8.25
CYN 0.77 11.07 66,73 26.19 35.49
MET 1.15 0.67 4,91 2.24 23.2
ILE 4.48 4,12 4.18 4.26 0,19
LEU 3.53 4,16 3.06 3.58 0.55
TYR 1,85 4,73 2.55 3.04 1,50
PHE 11.07 19.26 15,60 15.31 4,10
BALA = - - - -
GABA 9.48 16.57 8.66 11.57 4.35
ORN 4.26 9,99 3.92 6.06 3.41
ETH 4.54 5.17 4,72 4.81 0.32
LYS 8,55 = 7.44 5.33 4,65
HIS 6,70 - 622 4,31 3.74
TRP - - A = =
ARG 8.13 0.35 7,13 5.20 4,23

TOTAL 266,85 330.61 680,59 426.01 222,76

GLU+GLN 83,34 30.27 291.30 134.97 137.96




184

APPENDIX 6,3.3.1 (e) 1Individual free Amino acid concentrations

(Mg/g dry weight of leaf) in mature
E. camaldulensis foliage from 3 sampling sites
at sampling time March 4, 1981,

SAMPLE SITE
AMINO
ACID SW NW NE Mean SD
PSE 8,39 55.39 37.84 33.87 23.74
ASP 1,82 0.97 1.32 1.37 0.43
THR 6,64 11.29 10.58 9,50 2.51
SER 36.85 22,37 42,30 33.84 10,30
ASN - 6.62 8.83 5.15 4.60
GLN 22.43 23,61 28,11 24,72 2,99
PRO 13.56 14,79 26.00 18.12 6,86
GLU 59,58 7.38 129.20 65,52 61,10
GLY 4,65 11.75 8,57 8.32 3.56
ALA 18,83 23,21 17.54 19.86 2.97
VAL 3.24 4.85 4,53 4,21 0.85
CcYs 3.89 9.92 2.48 5,42 3.96
CYN 2,72 B.27 4.76 5.25 2,81
MET - - - - -
ILE 3.17 3.81 4,43 3.80 0,63
LEU 2.18 3.10 3.64 2.97 0.74
TYR 1.87 2,94 3.96 2,92 1.03
PHE 7.71 7.46 B.49 7.89 0,54
BALA - - - - =
GABA 5.58 18.52 20.23 14,78 8,01
ORN - 3.60 1.15 1.58 1.84
ETH - - - - -
LYS - - - - -
HIS - - - - -
TRP - - - - -
ARG 1.14 0.87 4.29 2,10 1,90
TOTAL 204,39 240,70 368.24 271.11 86,06
GLU+GLN 82,41 30,99 157,31 90.24 63,52
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APPENDIX 6.3.3.1 (f) Individual free Amino acid concentrations
{Hg/g dry weight of leaf) in mature
E. camaldulensis foliage from 3 sampling sites

at sampling time May 4, 1981,

SAMPLE SITE
AMINO
ACID SW NW NE Mean sD
PSE 50,56 25,62 85,85 54,01 30.26
ASP 0.62 1.99 32.73 11.78 18.16
THR 5.61 9.82 6.55 7.33 2.21
SER 348,74 45,32 4,09 132.72 188,22
ASN 4,04 3.85 - 2,63 2,28
GLN 16,55 - 14.22 10.26 8,96
PRO 10.44 7.92 8.82 9.06 1.28
GLU 10.71 16.87 175.95 67.84 93.67
GLY 7.13 14.21 S5.31 8.88 4,70
ALA 8.72 11.81 8.81 9.78 1.76
VAL 3.11 3.06 4.26 3.48 0.68
cYs 8.48 18.12 2,14 9.58 8,04
CYN 3.63 8.78 11.36 7.92 3.93
MET = - 0.25 0,08 0.14
ILE 2.71 3.69 3.44 3.28 0.51
LEU 2.30 2,60 2,77 2.56 0.24
.fYR 2.15 4.89 1.65 2,90 1.75
PHE 6.86 10.23 7.79 8.29 1.74
BALA = - - - =
GABA 11.96 13.55 12,33 12.62 0.83
ORN 1.94 4,96 1.80 2,90 1.78
ETH = 1.68 N 0.56 0.97
LYS - 6.51 - 2,17 3.76
HIS b 1.54 - 0.51 0.89
TRP = = = = =
ARG b 1.36 2.19 1.18 1,10
TOTAL 506.27 218.36 392,29 372.31 144,99
GLU+GLN 27.26 16.87 190.17 78.10 97.19
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APPENDIX 6.3.3.1 (g) 1Individual free Amino acid concentrations
(Ug/g dry weight of leaf) in mature
E. camaldulensis foliage from 3 sampling sites

at sampling time July 1, 1981.

SAMPLE SITE
AMINO
ACID sW NW NE Mean sD
PSE 132.27 6.30 78.56 72437 63.21
asp 4.87 0.96 68,95 24.93 38.18
THR 1.44 6.97 1.92 3.44 3.07
SER 15.08 25.77 17.84 19.56 5.56
ASN - - - - -
GLN 5,04 7.53 - 4.19 3.84
PRO 3.99 31.64 3.98 13.20 15.96
GLU 201,13 36.08 194.57 143.92 93.46
GLY 0.64 6.64 0.83 2,70 3.41
ALA 10,94 8.91 8.48 9.45 1.32
VAL 3.56 3.66 6.86 4,69 1.88
cys 12.80 7.14 1.02 6.98 5.89
cYN 22.93 3.86 12.48 13.09 9.55
MET - 1.43 - 0.48 0.84
TLE 2.89 2.26 2,60 2.58 0.32
LEU 1.71 1,48 1.42 1.54 0.15
TYR 1.96 1,71 1.89 1.85 0.13
PHE 7.34 8.57 8.43 8.11 0.67
BALA 4.74 - - 1.58 2.74
GABA 9.55 19.54 17.32 15.47 5.24
ORN 1.58 1.49 - 1.02 0.89
ETH - - - - -
LYS - - - - -
HIS - - - - -
TRP - - - - -
ARG 0.30 - - 0.10 0.17
TOTAL 444.74 181.91 427.17 351,27 | 146.94
GLU+GLN| 206,17 43,61 194.57 148.12 90.69
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APPENDIX 6.3.3.1 (h) Individual free Amino acid concentrations
(Ug/g dry weight of leaf) in mature
E. camaldulensis foliage from 3 sampling sites

at sampling time September 1, 1981.

SAMPLE SITE
AMINO
ACID sw NW NE Mean SD
PSE 134,09 116,30 132.45 127.62 9.83
ASP 24.81 0.71 21,93 15.81 13.17
THR 4.75 2.52 2.57 3.28 1.27
SER 25.51 26.45 28.03 26.66 1,28
ASN 3.84 - - 1.28 2.22
GLN 8.43 10.25 13.08 10.59 2.34
PRO 6.40 11.07 9.55 9.01 2.38
GLU 156,55 189.28 209.58 185,13 26,76
GLY 3,73 2.01 2.21 2.65 0.94
ALA 6.24 7.49 9,60 7,78 1.70
VAL 3.53 7.40 12.68 7.87 4.59
CcYs 5.42 1.75 3.77 3.65 1.84
CYN 12.18 16.55 106.04 12.92 3.32
MET - - - - -
ILE 2.54 2.41 3.37 2.77 0.52
LEU 1.22 1.23 1.65 1.36 0.24
TYR 1.07 1.25 1.70 1.34 0.33
PHE 11.32 11,37 11.51 11.40 0.10
BALA 2.55 - - 0.85 1.47
GABA 19.73 20.67 13.39 17.93 3.96
ORN - 1.89 - 0.63 1.09
ETH - = = - =
LYS - - - - -
HIS - - - - -
TRP - - - - -
ARG ~0.38 0.95 0.19 0.51 0.39
TOTAL 434,28 431.55 485.59 450,47 30.44
GLU+GLN| 164.98 199.53 222.66 195,72 29,03
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6.3,3.1 (1) Individual free Amino acid concentrations

(Ug/g dry weight of leaf) in mature

at sampling time November 6, 1981.

SAMPLE SITE
AMINO
JACID SW NW NE Mean sSD
PSE 106.96 75.90 110.68 . 97.85 19.10
ASP 1.59 0.77 1.79 1.38 0.54
THR 9.08 3.75 8.56 7.13 2.94
SER 39,41 32.26 44.13 38.60 5.97
ASN 8.46 6.67 7.15 8.09 0.83
GLN - 17.54 - 5.84 10.12
PRO 19,33 21,18 24,26 21,59 2.49
GLU 195.74 192.77 215.39 201,30 12,29
GLY 12.09 4,39 9,02 8.50 3.88
ALA 9.78 13,78 14,00 12,52 2.38
VAL 9.67 5.39 4.80 6.62 2.66
cYs 3.40 12.66 1.05 5.70 6.14
cYN 12.64 15,61 8,70 12,32 3.47
MET F - = - =
ILE 3.01 4.13 2.24 3.12 0.95
LEU 2.78 6.30 2.10 3,73 2.26
TYR 2,56 2,25 2.77 2.53 0.26
PHE 17.06 14.70 14,73 15.50 1.36
BALA 6.07 12,05 - 6.04 6,03
GABA 7.90 30.31 18,61 18.94 11.22
ORN 2.81 1.88 - 1.56 1.43
ETH - - - - -
LYS 5.69 - - 1.90 3.29
HIS 1.32 - - 0.44 0.76
TRP - - - - -
ARG - 1.81 3.85 1.89 1.93
TOTAL 477.38 475.86 493.80 482.35 9.95
GLU+GLN] 195.74 210,31 215.39 207.15 10.20




APPENDIX 6.3.3.1 (3)

E, camaldulensis
at sampling time

Individual free Amino acid concentrations
(Mg/g dry weight of leaf) in mature
foliage from 3 sampling sites

January 6, 1982.

SAMPLE SITE
AMINO
ACID SW NW NE Mean SD
PSE 60.07 52.02 103.09 71,73 27.46
ASP 1.75 2.79 2.28 2.27 0.52
THR 13.25 10.51 11.45 11,74 1.39
SER 61.91 41.13 58.03 53.69 11.05
ASN 41.33 4,92 12,14 19.46 19,28
GLN - - 1.64 0.55 0.95
PRO 20.22 22,86 17.10 20.06 2.88
GLU 124.94 143.64 199.52 156.03 38.80
GLY 8.62 11.84 7.74 9.40 2.16
ALA 29.60 18.91 16.93 21,81 6.82
VAL 6.54 6.38 4.51 5.81 1.13
cYs 16.24 19.28 15.24 16.92 2.11
CYN 20.96 33.72 26,53 27.07 6.40
MET = - 0.08 0,03 0,04
ILE 3.14 3.94 3.36 3.48 0.41
LEU 2.28 1.50 2.89 2.22 0.70
TYR 3.44 3.05 5.67 4,05 1.41
PHE 9.05 6.52 7.81 7.79 1.27
BAL% - 0.74 - 0.25 0.42
GARBA 11.67 29,50 18.60 19,92 8,99
ORN 2.08 4.37 - 2.15 2.19
ETH - - -~ - -
LYS - 11560 - 3,89 6.70
HIS b 0.62 i 0.21 0,36
TRP - - 5 2 -
ARG 3.08 1.15 4.31 2.85 1.59
TOTAL 440.18 430.97 518.89 463,35 48.32
GLU+GLN| 124.94 143,64 201.16 156.58 39.72
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