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ABSTRACf 

A strategy for the discovery of new insect growth regulators from arid lands plants was 

developed. Plant genera with a history of toxicity, medicinal use, or incorporation in native 

american cultures were selected. 

Forty-five species from twenty-one families were collected, extracted, and tested for 

biological activity on the large milkweed bug, Oncopeltus jasciatus. Eight extracts were 

toxic and the extract of Nama hispidum (Hydrophyllaceae) caused nymphs to undergo 

precocious metamorphosis to an adult. The active component of N. hispidum was 

precocene II (6,7-dimethoxy-2,2-dimethyl chromene). 

Nine Nama species, representing four of the five sections in the genus were gathered 

from Hawaii, California, Nevada, Arizona, New Mexico, and the Dominican Republic. In 

addition to the insect anti-hormone, precocene II (PH), present in N. hispidum, N. 

rothrockii contained at least two different insect juvenile hormone mimics, and N. 

sandwicense contained insect anti-hormone and insect juvenile hormone mimics. 

Fifth instar larvae of Heliothis zea were used as model insects to distinguish between 

post-ingestive intoxication and feeding deterrency during exposure to PII. Larvae fed 

artificial diet with PII were deterred from eating, and had retarded weight gain, growth, and 

development. Insects grown on diet with PII consumed less food, could not digest the 

food, or convert ingested food to body mass. In vivo radio tracer studies with the nutrient, 

14C linoleic acid, show a lower rate of transport and incorporation of radioactivity into fat 

body tissue. A change in the midgut epithelial cells from PII resulted in reduced transport 

efficiency and retarded larval growth and development. Scanning electron microscopy of 
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the midgut epithelia indicated that cytotoxic damage is induced by PII. Observed changes in 

the midgut epithelial cells are consistent with a destructive alkylation of cell structures by 

PlI. 



CHAPTER ONE 

PLANT DEFENSE AGAINST INSECfS AND INSECf 

COUNTERADAPfATIONS TO PLANT DEFENSE 

Plant defense 32ajnst jnse$:ts 

13 

One defensive strategy of some plants is the "avoidance of insects in space and 

time" (Feeny, 1976; Rhoades and Cates, 1976). Unapparent plants (Feeny, 1976) are 

widely distributed in space and have very quick life cycles which reduce their 

apparency in time as well. An example is an annual which grows once a year. Highly 

apparent plants (Feeny, 1976) are utilized more frequently by herbivorous insects and 

must develop alternate strategies for herbivore resistance. An example of this plant 

would be a long-lived woody perennial such as oak. One alternative strategy of plant 

defense is secondary biochemical compounds. Plants which are apparent will have high 

concentrations of quantitative compounds (Feeny, 1976) such as tannins and resins, as 

high as 60% dry weight, to deter predation (Rhoades and Cates, 1976). Quantitative 

compounds prevent herbivory by lowering the digestibility of the plant tissue thereby 

rendering it unacceptable as a nutrient source. Unapparent plants may have qualitative 

compounds (Feeny, 1976) such as cardenolides, glucosinolates, alkaloids, cyanogenic 

precursors, hormone mimics, antihormones, and a variety of others in minute 

concentration. Qualitative compounds make the plant tissue toxic to herbivorous 

predators, preventing the plant tissue from being used as a nutrient source. The 

quantitative and qualitative compounds described are at the ends of the defensive 

"spectrum" and many plants within the continuum have a mixture of both types to 

maximize their protective strategy (Rhoades and Cates, 1976). 

Recently, Coley et al. (1985) proposed that the type of chemical defense may be 

associated with the plant's resources. Slow-growing plants would be favored in a 

resource-limited environment and would have long-lived leaves to preserve 

accumulated resources. These plants are characterized by having high initial cost 

chemical defenses, such as polyphenols and fiber, in high concentration and immobile, 

to protect plant tissue. Once produced, the metabolically inert chemicals (with respect to 

the plant) remain in the leaf at little or no additional maintenance cost to the plant. If the 

leaves are dropped, the chemical defense, which remains in the leaf, is lost. 



14 

Fast-growing plants are favored in resource-rich environments. Their leaves are 

protected by low-cost, mobile chemical defenses, such as alkaloids and phenolic 

glycosides, in low concentration in the leaf tissue. The chemical defense is recovered 

and "turned over" prior to leaf drop, thus saving part of the initial metabolic cost These 

metabolically active (with respect to the plant) chemicals are maintained at high expense 

to the plant 

Immobile defenses are the most advantageous to the long-lived species because the 

metabolic cost to establish the protection is defrayed over the full extended life of the 

plant and maintenance costs are negligible. Mobile defenses are the most advantageous 

to short-lived species because of the lower initial metabolic expenditure and the plant'S 

ability to recover the resources and use them in other tissues. The high cost of 

establishing an immobile defense in a short-lived species would not be beneficial; most 

of the chemicals would be lost with the death of the plant Both chemical defenses, 

however, in a suitable environment, can prevent herbivory. 

Physical barriers such as spines, hairs, and nettles also reduce herbivory. Recently, 

trichomes have been recognized as physical defense against many insects (see review 

Stipanovic, 1983). The degree of pubescence correlated with the incidence of insect 

attack has been examined for such plants as soybean, french bean, and cotton 

(Stipanovic, 1983). Trichomes may act as spears to impale or to elevate eggs from the 

leaf surface, facilitating desiccation. Glandular trichomes have enlarged secondary 

chemical containing heads and may release their toxic contents upon contact with 

herbivores or other animals (Kelsey et aI., 1984). Plants protected by trichomes may 

effectively deter herbivores from attacking the leaf and stem surface. 

Rhoades (1979) has discussed optimal defense theories for plants and proposed; 1) 

organisms evolve and allocate defenses in the way that maximizes the individual's 

fitness; 2) defenses are costly with regard to fitness. Less defended plants will be more 

fit if enemies are absent. The cost of defense is derived from energy resources which 

would have been directed to other needs such as growth and reproduction. Thus, he 

proposes that the most costly defenses also should be the most effective in deterring 

herbivores. The evolution of defenses is related to the amount of attack and apparent 

plants will get attacked most frequently. Because apparent p'l.ants will have a multitude 

of possible attacking organisms, they will need potent defense mechanisms. 

Unapparent plants will have insect selective defense mechanisms because their primary 

defense is escape in time and space. 
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When attacked, some plants are able to reallocate their energy resources into the 

production of defensive compounds. This has been demonstrated with the accumulation 

of proteinase inhibitors in tomato plants which are mechanically wounded or damaged 

by chewing insects (Nelson et al., 1983). 

Another consideration is plant stress. Plants which receive inadequate resources 

such as sunshine, water, or nutrients cannot maintain growth and chemical defenses. 

Energy allocation based on the priority of growth and maintenance prevail with 

chemical defenses compromised. Stressful situations which lead to increased insect 

attack include nutrient poor soils, competition, pollution, disease, old age, ice damage, 

lightning, and forest flres (Mattson and Addy, 1975). Stressed plants possessing both 

quantitative and qualitative defenses will allocate energy resources to the less expensive 

qualitative compounds and reduce the concentration and types of expensive quantitative 

compounds (Rhoades, 1979). 

Strategies for plant defense may vary depending on the environment and type of 

plant. Nevertheless, defensive chemicals synthesized by plants, whether they are 

qualitative or quantitative, mobile or immobile, can alter herbivore growth and 

development (Green and Hedin, 1986; Miller and Miller, 1986; Waller, 1987). Despite 

potent chemical defenses insects still exploit plants for food and shelter. Phytophagous 

insects are tremendously successful because they are able to circumvent many of the 

plant defenses. 

Insect cOImteradaptations to plant defense 

Plant defenses against herbivores has been circumvented in many instances, with 

the insects consuming plant tissue despite the presence of noxious chemicals and 

spines. This puts selective pressure on the plants to evolve novel defensive secondary 

compounds in order to reduce herbivory. The secondary compounds put more selective 

pressure on the insect, which must overcome their detrimental effects in order to use the 

plant as a host. Coevolutionary forces of this nature have been described by Erlich and 

Raven (1964). The result of the coevolutionary forces is the coadaptation of certain 

plant and insect groups (Berenbaum, 1983). Over the course of millions of years, some 

insects may become associated to a single group of plants where the growth and 

development of the insect is completed only on those plant groups. The result is termed 

oligophagy. 
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Insects detect a variety of different compounds emanating from plants and, in part, 

use the compounds as cues to select the appropriate plant or plants to which they are 

associated (Bemays and Chapman, 1978; Feeny et al., 1983; Hanson, 1983; Lanier, 

1983). There are five basic steps in host finding, which are: 1) host habitat finding, 2) 

host finding, 3) host recognition, 4) host acceptance, and 5) host suitability (Kogan, 

1975). If the five steps are accomplished then the insect can progress through its life 

cycle. The consequence of selecting an incorrect plant harboring chemicals, which the 

insect is not proficient in eluding, is lowered fitness due to death or lowered fecundity. 

These chemical behavioral cues can act as attractants to those insects associated with the 

plant or repellents to all non-associated herbivores (Rodriguez, 1976). Many of these 

chemicals, such as cyanide, have powerful pharmacological activities yet they still are 

perceived as an attractant (Brattsten et aI., 1983). The use of "toxic" chemicals to an 

insect's benefit is one of the paradoxical elements of plant/insect interactions. 

When an insect determines that the plant is suitable, it must consume considerable 

amounts of tissue to maintain growth and development The cost of development will 

be correlated to the variety and amount of potentially disruptive plant phytochemicals 

and physical barriers. The plant's physiological and nutritional status will determine the 

character of the constituents with which the insect will have to contend. If the 

concentration of certain phytochemicals is high, insect development will be inhibited 1) 

because the disruptive properties of the phytochemicals will deter growth directly (i. e. 

hormone analogs or gut poisons), or 2) food consumption will be re4uced, delaying 

growth and development indirectly (Reese, 1979, 1983). 

The mechanisms by which insects elude the disruptive phytochemicals in plant 

tissue include sequestration and detoxication (Blum, 1981; Brattsten, 1986; Hodgson, 

1985). Many insects have the ability to sequester plant products without harmful effects 

(Rothchild, 1973). Duffey (1980) suggests that the compounds will be incorporated 

into body tissue and utilized by the insect or excreted so that the harmful properties are 

eliminated, but the physiological mechanisms by which it does this is largely unknown. 

Insects will selectiveiy retain certain plant compounds that aid in the defense against 

predators. An example is the monarch butterfly while other insect groups, such as the 

zygaenid moths, extend the defense by exhibiting aposematic coloration (Jones, 1972; 

Davis and Nahrstedt, 1985). 

Although sequestration represents a novel means of disrupting plant defenses, the 

most common mechanism is detoxication of the compound to inert substances. The 
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harmless moieties can then be incorporated into biochemical pathways or excreted with 

no ill effect to the insect One important mechanism by which the detoxication takes 

place has been described by Brattsten (1979) and involves mixed function oxidases 

(MFO's). MFO's are usually found in the microsomal preparation of insect or other 

animal tissue and interacts with a variety of organic chemicals. In addition to 

detoxication, MFO's can also convert inactive compounds into potent toxicants. The 

MFO's can alter compounds by epoxidation, hydroxylation, dealkylation, and 

oxidation (Brattsten, 1986; Terriere, 1982). MFO activity also has been shown to be 

correlated with the host plant diversity of a herbivore (Krieger et al., 1971). Larvae 

which were considered monophagous, fed only on one or two types of plant had much 

lower MFO activity than larvae which were considered polyphagous and fed on a 

variety of plants. Oligophagous larvae have intermediate levels ofMFO activity. MFO 

activity is also inducible when insects are artificially introduced to a secondary plant 

compound (Brattsten et al., 1977). 

Arguments against MFO's as the single adaptation mechanism to plants were 

recently expressed by Gould (1984). He suggests that: 1) many compounds stimulate 

enzymes but are not incorporated as substrates to the enzyme, 2) insects such as 

Manduca sexta, Trichop/usia ni, and Heliothis virescens excrete toxic substances 

without metabolizing them, and 3) MFO activity varies from instar to instar in many 

developing larvallepidoptera. Therefore, MFO's may only have a small role in the 

success of plant-eating insects. Brattsten (1983) concedes that MFO's are not entirely 

dictating the interaction of insects and plants. In this study, the amount of a phyto

chemical excreted, without modification by MFO's, was examined in Heliothis zea. 

Inducible MFO's may have an integral role in the ability of an insect to defeat the 

plant defense (see Brattsten, 1988). MFO activity in the annyworm was incr~ased due 

to (+ )-a-pinene, which reduced the toxicity of another allelochemical, tomatine 

(Brattsten et aI., 1977). But insect growth and development may be enhanced because 

the enzyme is only produced and activated when it is necessary to detoxify 

phytochemicals (Terriere, 1984). In the absence of noxious chemicals, the energy for 

MFO activation can be used for development. Therefore, insects exploiting stressed 

plants, with low concentrations of toxins, should have lower MFO activity because the 

plant is already compromised. Insects feeding on healthy plants will have high MFO 

activity, slower growth, and a higher rate of mortality (Brattsten, 1988). One method to 

determine the effect of different plants on the insect growth and development is to 
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measure the consumption and utilization of plant tissue or artificial diet with toxins by 

the insect. 

It was once thought that all plants had equivalent nutritional parameters for the 

growth of any herbivorous insect (Fraenkel, 1953). That view was revised, especially 

after the Clever experiments of Waldbauer (1962), who maxillectomized hornworm 

larvae to demonstrate the physiological effect of the plant tissue instead of larval 

responses to plant products. The larvae consumed the non-host plant tissue but did not 

grow or reproduce as efficiently. A feeding insect not only must consume the tissue but 

it must be able to convert the material into usable units for energy, metabolism, and 

structural substances (Beck, 1972). The influence of plant secondary compounds on 

insect feeding physiology is a problem that has been extensively addressed (Beck and 

Reese, 1976; Reese, 1979; Reese, 1983; Scriber and Slansky, 1981; Slansky and 

Scriber, 1982, Slansky and Scriber, 1985; Berenbaum, 1986) and a question is, do 

secondary compounds act as feeding deterrents to reduce consumption rates or do the 

compounds act in a physiological manner to reduce digestibility and conversion of food 

into body tissue? To appreciate the problem an assessment of the observable nutritional 

parameters is obligatory. The basic measurements include: 1) the amount of food 

ingested, 2) the amount of fecal output, and 3) the weight gained by the insect. From 

these observations the important nutritional indices for the insect are calculated. In the 

present study, one goal was to evaluate the effects of a phytochemical on the nutritional 

physiology and biochemistry of an immature pest insect, Heliothis zea. 

Complex plant/'msect interactions may be based on historical coevolutionary forces 

between the groups. Non-adapted insects typically suffer disrupted development after 

consumption of a plant with biologically active defense chemicals. These chemicals, 

especially those which mimic the insect's natural hormones, might be useful in the 

development of new methods of pest control. Therefore, effective searches for new 

insect growth regulating phytochemicals will help identify plant families with 

interesting natural product biosynthetic pathways and defenses that may be useful in 

our perennial battle against insects. 

Much of the evidence accumulated thus far on plant-insect interactions has directed 

our attention toward the significance of secondary plant compounds in the prevention of 

insect growth and development. Many chemicals are able to disrupt the insect's 

development and metamorphosis by interfering or mimicking the insect's juvenile 

hormones (Bowers, 1968, 1969, 1971, 1976a, 1977a, 1980, 1982, 1984). Insect 
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anti-hormones have been reported only from one genus, Ageratum, in the Asteraceae 

(Bowers et al., 1976). Phytochemicals mimicking juvenile hormone, however, are 

widely distributed in the plant kingdom and have been reported from the Pinaceae 

(Bowers, et al., 1966), Cupressaceae (Barton and MacDonald, 1972), Piperaceae 

(Nishida et al., 1983), and the Lamiaceae (Bowers and Nishida, 1980). In this study, 

both insect anti-hormone and juvenile hormone mimics were discovered in another 

family, the Hydrophyllaceae. 

The first goal of this dissertation was to develop an effective method to fmd plant 

families from Arizona with high potential for the discovery of insect-active chemicals 

(Ch 2). Following the discovery of an insect anti-hormone in the genus Nama 

(Hydrophyllaceae) more plants in the genus were collected and two species with 

juvenile hormone mimics were identified (Ch. 2). The second goal of the study was to 

isolate and identify the insect growth regulators (Ch. 3). The third goal of the study 

was to evaluate the effects of the anti-hormone, precocene n, isolated from Nama 
hispidum, on a generalist herbivore Heliothis zea (Ch 4 and 5). 



CHAPTER1WO 

THE DISCOVERY OF INSECI' GROWTH REGULATORS FROM 

ARID LANDS PLANTS BY SELECTIVE SCREENING 
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Arid lands are often considered inhospitable (McGinnies et ai., 1968). The sparse 

population, little economic growth, and lack of agriculture have contributed to that 

image. Recently, in the continental United States, new approaches in agriculture, 

incorporating native species such as Jojoba (Simmondsia sp.) and Century plant 

(Agave sp.), have shown that the use of arid lands for cash crops is feasible. But most 

areas outside of urban centers are in a pristine state; the native vegetation and animals 

have remained unaltered for centuries. These vast tracts of land, sometimes referred to 

as America's outback, range from eastern California to eastern Texas and as far north 

as Canada. They also contain some of the United States most valuable resources: 

petroleum, minerals, and the native flora. While the native flora is still considered 

inconsequential by many people, it could become an important factor in the discovery 

of new phytochemicals in future years. Because of the need for new drugs for the 

treatment of heart disease, cancer, and AIDS, more in depth surveys of plants will be 

made by research institutions and chemical companies. One example, trichosanthin, 

was isolated from the Cucurbitaceae and shown to have remarkable abilities to reduce 

the number of cells infected with mv, the virus that causes AIDS (McGrath et aI., 

1989). Naturally, some researchers will choose arid lands as a source of plants with 

novel phytochemicals because of their proximity to these regions and the minor expense 

incurred to retrieve samples. Moreover, many of the plant families are largely 

unexplored with respect to their biologically active constituents. Numerous plants, with 

biologically active phytochemicals, await discovery in arid lands regions. And since the 

West's climate and landscape are extremely variable there is also a tremendous diversity 

in the flora (Kearney and Peebles, 1951), increasing the probability that new 

economically valuable phytochemicals will be found among these plants. 

Arizona's diversity in floral communities is a result of its geographic position in 

western North America and a varied topography. All of the North American deserts are 



Figure 1. The North American deserts. Note that the 

Sonoran and Chihuahuan deserts are not completely 

represented. 
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represented in Arizona (Figure 1). A small part of the Chihuahuan Desert projects from 

Mexico into the southeast comer of the state. The Sonoran Desert is present in much of 

southern and central Arizona while the Mohave Desert overlaps western Arizona and 

eastern California. From the Mogollon rim northward into Utah, Nevada, Colorado, 

Montana, and Oregon, the Great Basin Desert is dominant. Each desert has numerous 

mountain ranges and canyons which contribute to a complex landscape replete with 

biotic niches for many kinds of plants. 

Arizona's variety in habitat is due, in large, to an abundant number of mountains 

and canyons providing multiple life zones. The highest mountain in Arizona is 

Humphrey's Peak (12,655 feet) in the San Francisco Range while the lowest area is the 

Colorado River near Yuma (100 feet). Many of the mountains ranges in southern 

Arizona are surrounded and separated by desert, contributing to the variation and acting 

as functional geographic isolators of plants and animals (Southwood, 1978). On these 

isolated mountains, variation occurs because of the habitat modifications at different 

elevations. Abrupt life zone changes reflect the increased elevation and physical 

conditions of each habitat (see Lowe, 1964). Low elevations are characterized by desert 

communities with the floral families Cactaceae, Leguminoseae, Asteraceae, and 

Gramineae, present in major proportions. Middle elevations are characterized by 

transition zones dominated by the families Cupressaceae, Fagaceae, Gramineae, 

Asteraceae, and Ericaceae. High elevations are characterized by coniferous forests with 

the families Pinaceae and Salicaceae. At the peaks of the San Francisco range, above 

timberline, small herbaceous plant populations make up the bulk of the alpine 

vegetation. 

Most of the mountains are dotted with riparian zones usually deep inside of 

canyons. These isolated areas, such as Molino Basin in the Santa Catalina Mountains, 

Box Canyon in the Santa Rita Mountains, Sycamore Canyon in the Tumacacori 

Mountains, Carr Canyon in the Huachuca Mountains, Cave Creek Canyon in the 

Chiricahua Mountains, and Cochise Stronghold in the Dragoon Mountains are endowed 

with diverse plant and insect populations, and have been collected by entomologists and 

botanists for years. Some plants and insects are restricted by environmental conditions 

and the remoteness of the canyons. With time, they have become adapted to the 

microclimate of that canyon, responding to the variations in soil, temperature, and 

precipitation specific for that site. 

In effect, the topography of Arizona has created an environment suitable for the 
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diversification of plants. This study took advantage of that diversity in an attempt to 

discover novel insecticides and insect growth regulators from plants. Instead of a 

random screen, where all types of plants are collected and tested for biologically active 

ch.~micals, a selective screen was made. In this selective screen, only genera belonging 

to certain predetermined families were collected. These plant families were selected 

because, in my opinion, they possessed a high potential for the discovery of new 

phytochemicals. In addition, restricting the number of 1Jlants collected minimized the 

expense for extraction and testing against insects. 

In this study, the proportion of plant extracts with biological activity was far higher 

than in studies implementing other types of screens and new insect growth regulators 

that mimic juvenile hormone were discovered in the genus Nama (Hydrophyllaceae). 

The success of the present study also illustrates that selective screens are an effective 

method for the discovery of new biologically active phytochemicals. 

Materials and Methods 

Selection of plant groups with potential for the discovery of insect growth regulators. 

Several criteria were used to select plant families with potential for the discovery of 

new insect growth regulators: 1) the plant group had one or several related species 

listed in guides to species with toxic or medicinal properties (Altschul, 1973; Grainge et 

al., 1984; Kearney and Peebles, 1951) , 2) an abundant number of species was present 

in the goup indicating that individuals in the family were not extremely rare and 

specimens could be located in a reasonable time period, 3) there were few studies on 

the phytochemistry of the species or group in the Chemical Abstracts (CAS) database 

indicating a high potential for the discovery of new phytochemicals, and 4) the plants 

had natural resistance to herbivores when observed in the field (i.e. while adjacent 

plants were being eaten, the selected plants had little or no damage)(Binder and 

Bowers, unpublished observations). 

Some plant families were not selected for the following reasons. Firstly, many plant 

families such as the Gramineae, Salicaceae, Rosaceae, Geraniaceae, and Leguminosae 

have few or no genera reported to have biological activity against insects (Heal et aI., 

1950). In addition, their chemistry has been studied extensively. Secondly, plant 

families, such as the Saururaceae and the Loranthaceae possess biological activity 
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against insects (Heal et aI., 1950) but their distribution in Arizona is limited and 

collection of enough plant material for biological assays would have been difficult A 

third reason was that some families, such as the Cactaceae, are protected. 

Some taxa, not reported to have biological activity against insects, were included on 

the list because their group has phytochemicals reminiscent of insect hormones or 

anti-hormones. For instance, the family Rutaceae contains various chromenes (Ellis, 

1977) similar to the precocenes. These compounds may act as anti-hormones against 

Oncopeltusjasciatus (Bowers et al., 1976). 

Biological assay of selected plant families 

Specimens from selected plant families were collected around the greater Tucson 

area. Dry sample material was pulverized and extracted witl.i. a generous portion of 

dichloromethane. After 3-7 days the plant material was separated from the extract; the 

extract was then filtered through a Whatman's number 1 paper and dried in vacuo. 

Extract residues were redissolved in acetone and the equivalent of 5.00 mg, 2.50 mg, 

and 1.25 mg was applied to the bottom of 9 em Petri dishes. A final effective dose for 

the contact residue test was 80 ~g/mm2, 40 J..Lg/mm2, 20 ~g/mm2. The milkweed bug, 

Oncopeltus jasciatus, was used as a test organism. Newly molted second instar 

nymphs were placed in the bottom of the treated plate with a few milkweed seeds for 

food and a small cotton-wicked water vial. Nymphal growth and development was 

recorded after the second day and once every week. Biological activity was scored as 

the percent mortality after the second and tenth day or changes in the morphogenesis 

toward the end of the nymphal stage. 

The milkweed bug was used in this screen, instead of other insects, for several 

reasons. Firstly, the insects were easy to rear and required very little maintenance. 

Secondly, the insects were sensitive to compounds with three different types of 

activity. Compounds with juvenile hormone activity caused the nymphs to undergo a 

supernumerary molt. This type of activity was similar to the response of milkweed 

bugs when treated with juvenile hormone or any of a number of plant-derived juvenile 

hormone mimics (Bowers et al., 1966; Bowers and Nishida, 1980; Nishida et al., 

1983; Nishida et aI., 1984). Compounds with anti-hormone activity caused nymphs of 

the milkweed to undergo precocious metamorphosis to dimunitive, sterile, adultoids. 

These insects were indistinguishable from those treated with the compound, precocene 
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II, isolated from the bedding plant Ageratum houstonianum (Bowers et al. 1976). 

Toxic compounds killed the nymphs. Thus, each type of activity interrupted the insect's 

life cycle. Thirdly, biological activity can be detected rapidly. Death occurred due to 

toxic compounds within two days, precocious adults occurred due to anti-honnonal 

compounds within ten days, and supernumerary molting due to juvenile hormone 

mimics occurred within 30 days. Lastly. there was no mortality in the control groups 

and no false positives were detected. The milkweed bug assay was fast, reliable, and 

tested for more than one type of activity. 

Collection and biological assay of plants in the genus Nama 

After Nama hispidum was collected and found to have anti-honnone activity. a 

new search for more plants in the genus Nama was conducted. Localities for Nama 

species in the southwestern states were identified from the University of Arizona 

Herbarium labels. Since flowers are critical for the identification of the species, most 

herbarium specimens have flowers and thus collection dates usually approximate the 

flowering period of the plant. With these facts, trips were made to California and New 

Mexico so as to collect as many plants in flower as possible. In the spring of 1987, 

two species of Nama were collected. Nama demissum was collected in Nevada just past 

the California border on Highway 164. Nama hispidum was recollected in Tucson. In 

June 1987, two more species were collected in eastern New Mexico. Nama xylopodum 

was collected at Sitting Bull Falls and Nama stevensii was collected just past the Texas 

border on Highway 180. In July 1987, three more species were collected in California. 

Nama lobbii was collected at Meeks Bay, Lake Tahoe, Nama rothrockii was collected 

high in the Sierra Nevada outside of the city of Big Pine, and Nama densum was 

collected on Highway 120 just past Benson Hot Springs. In addition Nama 

sandwicense was collected and sent to Professor William S. Bowers by Dr. Evangeline 

Funk while Namajamaicense was collected by Professor William S. Bowers in the 

Dominican Republic. Detailed localities and collection dates, where possible, are 

presented on the voucher specimens deposited at the UniYersity of Arizona Herbarium. 

The biological assays were conducted as described above. 
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Results 

Selection of plant groups with potential for the discovery of insect growth regulators 

The results of an extensive literature search on the chemical and biological attributes 

of the Arizona flora are summarized in Table 1. A list of plant families, based on the 

reports of plants having medicinal, religious, or any other use to alter biological 

systems was organized after Arizona Flora (Kearney and Peebles, 1951). Plant families 

with potential for the discovery of new phytochemicals, active against insects, easily 

located in Arizona, were designated for field collection (Families are underlined). Since 

not all families were collected, future searches should concentrate on those taxa that are 

untested. 

Screened plant families with biological activity 

Forty-four species from twenty-one families were collected, extracted, and tested 

on the large milkweeu bug, Oncopeltusfasciatus. Mostly, plant taxa with phylogenetic 

links, indicating common ancestries, were chosen for collection. But some of the plants 

in the list were tested because they were easily collected. While these collections made 

the screen appear more random, only a small proportion (10%) of the plants were 

acquired capriciously. Most of the plants in this selective screen were collected only in 

two subclasses of the Magnoliopsida. Twenty-seven percent of the families belonged to 

the subclass Rosidae while sixty-one percent of the families belonged to the subclass 

Asteridae (Figure 2). The remaining twelve percent of the families collected were 

distributed among the other subclasses of the Magnoliopsida and one plant (a 

Bromeliaceae) was from the Liliopsida. The success of the screen was enhanced by 

restricting and intensifying the collection in closely associated plant groups that had a 

high potential for the discovery of novel phytochemicals. 

Plants with biologically active components manifested activity in the milkweed bug 

bioassay in either of two ways, they were toxic or interrupted the insect's hormone 

balance. Toxic plants caused greater than fifty percent mortality of the nymphs, usually 

within ten days following exposure to the highest extract concentration (Table 2). The 

most toxic plants in this study were Lamium amplexicaule, Mimulus pilosus, and 

Polanisia trachysperma. Extracts that caused less than fifty percent mortality were not 
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Table 1. A survey of arid lands flora to identify taxa with the potential for unreported 
biologically active compounds against insects. Taxa deemed promising for further study 
are underlined. Families and genera are arranged following Kearney and Peebles (1951). 

Detection Criteria 

Plant Taxonl Sp. no.l p.C.p.2 N.p.S.3 C.A.S.4 Comp.s Sesq.6 Heal7 

Cupressaceae 

Juniperus 5 G 275 
Ephedraceae 

Ephedra 6 G 161 
J uncaginaceae 

Triglochin 1 S 42 
Alismaceae 

Alisma 1 47 
Gramineae 

Eragrostis 14 S S 110 
Lolium 3 G 1202 
Holcus 1 S 96 
Stipa 12 S 106 
Sorghum 1 S G 3447 
Commelinaceae 

Commelina 2 G 169 

LiliiU:~a~ 

Zigadenus 3 2 ++ 
Veratrum 1 S 262 
Nolina 2 1 +-
Amaryllidaceae 

Agave 9 G 100 
Iridaceae 

Iris 1 G G 881 
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Table 1 (continued) 

Detection Criteria 

Plant Taxonl Sp.no.l p.C.p.2 N.p.S.3 C.A.S.4 Comp.s Sesq.6 Heal7 

Orchidaceae 

Cypripedium 1 7 
Saururaceae 

Anemopsis 1 S 7 +-
Salicaceae 

Populus 4 G G 442 
Salix 14 G 264 
Juglandaceae 

Juglans 1 G 108 
Fagaceae 

Quercus 13 G G 4 
Moraceae 

Humulus 1 G 75 
Urticaceae 

Urtica 3 G G 157 
Loranthaceae 

Phoradendron 7 G 18 ++ 
Aristolochiaceae 

Aristolochia 1 S G 141 
PoIY2onaceae 

Eriogonum 55 G 15 +-
Rumex 14 G G 393 
Polygonum 17 G G 529 
Chenopodiaceae 

Chenopodium 16 S G 644 
Allenrolfea 1 S 4 ++ 
Nyctaf,!inaceae 

Mirabilis 5 G G 1232 
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Table 1 (continued) 

Detection Criteria 

Plant Taxon 1 Sp. no.1 p.C.p.2 N.p.S.3 C.A.S.4 Comp.S Sesq.6 Heal7 

Oxybaphus 5 0 
Phytolaccaceae 

Rivina 1 S S 

Phytolacca 1 S G 137 

CarI!u~hIllilcea~ 

Arenaria 11 G G 248 
Drymaria 6 S G 6 ++ 
Saponaria 2 S 116 

Ranunculaceae 

Actaea 1 S S 6 ++ 
Cimicifuga 1 G G 48 
Delphinium 8 S G 184 
Aconitum 2 G G 308 
Clematis 7 G G 66 

Ranunculus 14 S G 207 
Berberidaceae 

Berberis 5 S G 188 
Papaveraceae 

Eschscholtzia 3 18 +-
Argemone 3 S S 92 
Corydalis 1 S G 260 
Cruciferae 

Stanleya 3 2 
Dithyrea 2 0 
Cannaridaceae 

Cleome 4 G G 59 
Cleomella 3 G 0 +-
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Table 1 (continued) 

Detection Criteria 

Plant Taxon1 Sp. no.1 p.C.p.2 N.P.S.3 C.A.S.4 Comp.s Sesq.6 HeaP 

Crassulaceae 

Echeveria 4 11 

Saxifragaceae 

Heuchera 7 G G 7 
Rosaceae 

Sorbus 1 G 151 
Cowania 1 S 3 +-
Prunus 4 S G 787 
Leguminosae 

Prosopis 2 G G 177 
Cercis 1 G 24 
Cassia 9 S G 463 
Sophora 4 S 279 
Thermopsis 1 75 
Lupinus 21 G G 647 
Psoralea 6 G G 92 
Parryella 2 G 0 
Amorpha 2 G 84 
Petalostemum 5 G 

Tephrosia 3 G G 118 

Robinia 1 G 130 
Coursetia 1 0 +-
Astragalus 70 G G 363 
Glycyrrhiza 1 G G 172 
Erythrina 1 G G 252 
Geraniaceae 

Geranium 6 G G 419 
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Table 1 (continued) 

Detection Criteria 

Plant Taxon1 Sp. no.1 p.C.p.2 N.p.S.3 C.A.S.4 Comp.S Sesq.6 Heal7 

Linaceae 

Linum 5 G 144 

ZI&Ql2bI)la~~iU~ 

Larrea 1 G G 66 

Bllla~~a~ 
Thamnosma 2 G 

Ptelea 2 34 
Burseraceae 

Bursera 2 G 33 
Polygalaceae 

Polygala 16 G 87 
ElIl2hQrbia~~a~ 

Croton 6 S G 368 
Ricinus 1 S 571 
Jatropha 4 G G 72 
Manihot 2 172 
Sapium 1 S G 55 
Euphorbia 45 S S 696 

Ani1~ardia~~a~ 

Rhus 7 S G 261 
Sapindaceae 
Sapindus 1 G 56 
Dodonaea 1 S 39 
Rhamnaceae 

Rhamnus 3 G G 172 
Vitaceae 

Cissus 1 G G 19 ++ 
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Table 1 (continued) 

Detection Criteria 

Plant Taxon 1 Sp.no.! p.C.p.2 N.p.S.3 C.A.S.4 Comp.S Sesq.6 Heal7 

Malvaceae 

Althaea 1 G 69 
Guttiferae 

Hypericum 2 S S 124 
Tamaricaceae 

Tamarix 1 84 

Passifloraceae 

Passiflora 3 G S 131 
Loasaceae 

Cevallia 1 S 0 
Eucnide 1 0 

OniJ~riJ~~iJ~ 

Oenothera 37 G 128 
Araliaceae 

Aralia 2 G S 84 
UmJ;u.~lIif~ri)~ 

Ligusticum 1 G 51 
Cicuta 1 S 18 +-
Heracleum 1 G 271 

CQrDi)~~iJ~ 

Garrya 2 G 16 +-
Ericaceae 

Arctostaphylos 4 S G 123 
Plumbaginaceae 

Plumbago 1 G 39 
Gentianaceae 

Gentiana 14 157 
Swertia 3 7 +-
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Table 1 (continued) 

Detection Criteria 

Plant Taxonl Sp. no.l p.C.p.2 N.p.S.3 C.A.S.4 Comp.S Sesq.6 HeaP 

A 1l!l5:IIlil5:~ilt 
Haplophyton 1 S 7 ++ 

Macrosiphonia 1 S G 0 ++ 

Apocynum 5 45 
Asclepiadaceae 

Asclepias 21 G S 97 

:e!lI~m!lniil5:~ilt 

Gilia 31 14 ++ 

Polemonium 6 G S 25 

!b:dr!lphl:llil5:~iI~ 

Phacelia 30 G G 33 
Eriodictyon 1 G 3 ++ 

nQril~in35:~3~ 

Heliotropium 3 G G 107 
Cryptantha 30 G 10 ++ 
Amsinckia 2 S 20 ++ 

Lithospermum 3 99 
L3bi313~ 

Marrubium 1 41 
Nepeta 1 S G 124 
Prunella 1 25 
Salvia 14 G G 380 
Monarda 3 32 
Hedeoma 6 G G 8 ++ 

Mentha 2 S G 800 
SQI3n35:~~ 

Solanum 13 S S 1793 
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Table 1 (continued) 

Detection Criteria 

Plant Taxon 1 Sp. no.1 p.C.p.2 N.P.S.3 C.A.S.4 Comp.S Sesq.6 Heal7 

Datura 4 S S 780 
Nicotiana 4 S S 1517 
StrQglnJ)a[ia~iU~ 

Verbascum 2 S 55 
Penstemon 38 21 
Castilleja 14 G 12 +-
Rhinanthus 1 G 0 +-
ni2nQnias:~a~ 

Tecoma 1 59 
Orobanchaceae 
Orobanche 3 G 122 

Bl!bias:~a~ 

Cephalanthus 1 4 
Galium 15 229 
Caprifoliaceae 
Sambucus 6 G 80 
Lonicera 5 G 68 
Valerianaceae 

Valeriana 4 174 
Cucurbitaceae 
Apodanthera 1 15 
Cucurbita 3 S 816 
Marah 1 G 18 
CQml2Qsila~ 

Selloa 1 1 NEG NEG 

Grindelia 4 S 35 
Gutierrezia 5 26 
Chrysopsis 6 S 2 NEG NEG ++ 
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Table 1 (continued) 

Detection Criteria 

Plant Taxonl Sp.no.l p.C.p.2 N.P.S.3 C.A.S.4 Comp.5 Sesq.6 Heal7 

Solidago 11 G 98 
Haplopappus 19 G 72 
Aster 24 218 
Erigeron 31 S G 37 
Baccharis 11 G G 81 
Pluchea 2 G 33 
Parthenium 1 G G 177 
Oxytenia 1 0 NEG NEG ++ 

Xanthium 2 S 350 
Rudbeckia 1 G 48 
Ratibida 2 G 2 POS NEG ++ 

Wyetbia 2 4 DELETE ++ 

Flourensia 1 S 19 DELETE ++ 

Verbesina 3 S S 28 
Psilostrophe 3 G 6 POS ++ 

Baileya 3 16 POS ++ 

Hymenopappus 5 6 POS NEG 

Bahia 8 226 
Hymenoxys 12 22 
Helenium 5 G G 102 
Gaillardia 4 43 
Dyssodia 8 5 POS NEG 

Anthemis 1 S 80 
Achillea 1 G G 163 
Chrysa..'1themum 2 S G 891 
Artemisia 14 S G 1090 
Tetradyrnia 1 7 POS NEG 

Senecio 26 G G 504 
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Table 1 (continued) 

Detection Criteria 

Plant Taxon 1 Sp. no.1 p.C.p.2 N.p.S.3 C.A.S.4 Comp.S Sesq.6 Heal7 

Cirsium 13 G 234 

Silybum 1 110 

Perezia 3 G G 16 POS NEG +-
Stephanomeria 6 9 NEG NEG 

Sonchus 2 G 102 

Lactuca 4 G G 375 

Lygodesmia 3 0 NEG NEG +-

1Kearney, T. H., and R. H. Peebles. 1951. This compilation is based on the reports of 

plants having medicinal, religious, or any other use which might be construed as altering 

biological systems. 

2Grainge, M., S. Ahmed, W. C. Mitchell, and J. W. Hylin. 1984. G=Genus reported, 

S=species reported. 

3Altschul, S. V. R. 1973. G=Genus reported, S=species reported. 

4The number of reports in the Chemical Abstracts Database system from 1967-85. 

5Heywood, V. H., J. B. Harbome, and B. L. Turner. 1977. Pos = reported within 

Neg = not reported. 

6Seaman, F. C. 1982. 

7Heal, R. H., E. F. Rogers, R. T. Wallace, and O. Starnes. 1950. The fIrst digit: + = 

Genus present in the paper; - = Genus absent in the paper. The second digit: + = aqueous 

extract has insecticidal activity; - = no insecticidal activity reported. 



Figure 2. Evolutionary relationships among subclasses of 

the Magnoliopsida (after Cronquist, 1981) and the number 

of insect-active plants in those groups. The number in each 

section is the number of species tested in each subclass while 

the number in parentheses is the number of species with 

biologically active crude extracts. Note the high proportion 

of plants with activity in the Asteridae indicating the success 

of the selective screen. 
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Table 2. Crude extract bioactivity of selected flora against Oncopeltus jasciatus. 
Observations were made at two and ten days post-treatment. Families (bold letters), 
genera, and species are arranged alphabetically. 

Taxa Bioactivity 

Two days Ten days Type 

% % 
Anacardiaceae 

Pistacia chinen sis 0 0 ---------

Rhus lancea ' 0 25 ---------

Rhus ovata 5 10 ---------

Rhus trilobata 0 25 ---------

Asteraceae 

Dyssodia pentachaeta 30 60 toxicity 

Gnaphalium leucocephalum 0 5 ---------

Bignoniaceae 

Chilopsis linearis 0 15 ---------

Boraginaceae 

Borago officinalis 0 0 ---------

Cordia boisseri 5 15 ---------

Cryptantha micrantha 35 55 toxicity 

Cryptantha pterocarya 0 0 ---------

Cryptantha ? 0 0 ---------

Lappula redowskii 0 0 ---------

Lithospermum multiflorum 0 10 ---------

Pectocarya ? 0 0 ---------

Plagiobothrys arizonicus 5 10 ---------
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Table 2 (continued) 

Taxa Bioactivity 

Two days Ten days Type 

% % 

Bromeliaceae 

Tillandsia usneoides 0 15 ---------

Campanulaceae 

Triodanis ? 0 10 ---------

Capparidaceae 

Isomeris arborea 20 90 toxicity 

Polanisia trachysperma 65 85 toxicity 

Euphorbiaceae 

Jatropha macrorhiza 0 0 ---------

Hydrophyllaceae 

Eriodictyon angustifolium 0 0 ---------

Nama hispidum 0 50 anti-hormone 

Phacelia crenulata 0 0 -.-------

Pholistoma auritum 10 40 ---------

Lamiaceae 

Lamium amplexicaule 20 100 toxicity 

Monarda austromontana 30 90 toxicity 

Nyctaginaceae 

Allionia incamata 5 5 ---------

Onagraceae 

Oenothera caespitosa 0 10 -.-------
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Table 2 (continued) 

Taxa Bioactivity 

Two days Ten days Type 

% % 

Polemoniaceae 

Gilia ? 0 0 ---------

Polygonaceae 

Eriogonum saxatile 5 45 ---------

Rhamnaceae 

Ceanothus greggii 0 0 ---------

Rubiaceae 

Galium aparine 0 0 ---------

Galium rothrockii 0 10 ---------

Saxifragaceae 

Ribes aureum 0 10 ---------

Scrophulariaceae 

Linaria texana 0 10 ---------

Mimulus guttatus 0 20 ---------

Mimulus pilosus 40 95 toxicity 

Penstemon barbatus 0 0 ---------

Solanaceae 

Petunia parviflora 0 5 ---------

Umbelliferae 

Bowlesia incana 5 30 ---------



41 
Table 2 (continued) 

Taxa Bioactivity 

Two days Ten days Type 

% % 

Daucus pusillus 10 100 toxicity 

Hydrocotyle vertici11ata 10 30 ---------

Zygophyllaceae 

Fagonia califomica 25 40 ---------
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considered to be sufficiently toxic to be of interest in regards to identifying the 

chemicals for pest control (although they still may be worthy of further research). The 

second type was anti-hormonal activity, expressed when the nymphs precociously 

developed to the adult Only one plant had this type of activity. While collections were 

made in five of the subclasses, biological activity was found only in the subclasses 

Dilleniidae, Asteridae, and Rosidae (Figure 2). 

Ni~e genera had biological activity. The effect of various doses of the biologically 

active extracts on the milkweed bug are presented in Figure 3. Eight plant extracts 

caused greater than fifty percent mortality and are potential candidates for more detailed 

analytical studies in the future. Two of the toxic genera were found in one family 

(Capparidaceae) in the Dilleniidae. In the Rosidae, only Daucus pusillus (Umbelliferae) 

had activity (Figure 2 and Table 2). But in the Asteridae, six genera representing five 

families showed activity against insects: the Asteraceae, the Boraginaceae, the 

Hydrophyllaceae, the Lamiaceae, and the Scrophularlaceae (Figure 2 and Table 2). 

When the families in the Asteridae were grouped by order, according to their 

evolutionary relationship (Cronquist, 1981), three closely related orders 

(Scrophularlales, Solanales, and Lamiales) contained more than fifty-five percent (5/9) 

of the plants with biologically active constituents (Figure 4). And two of the three most 

toxic plants (Lamium ampiexicauie, Mimuius pi/osus) were included in these groups. 

Furthermore, the plants screened in the three orders (Scrophularlales, Solanales, and 

Lamiales) represent only twenty-seven percent of the plants tested. Clearly, the majority 

of plants with biological activity in this survey were in the orders Scrophularlales, 

Solanales, and Lamiales in the subclass Asteridae. The high proportion of plants in 

these groups, expressing activity against insects, indicates that they are worthy of 

further study. 

Of the five genera, with activity against insects, in the orders Scrophularlales, 

Solanales, and Lamiales, three of the genera were in the order Lamiales (Lamiaceae and 

Boraginaceae). One genus was in the Scrophulariales (Scrophulariaceae). The genus 

with the most interesting activity was in the order Solanales (Hydrophyllaceae). Nama, 
harbored a phytochemical with anti-hormonal activity which was indistinguishable from 

the compound, precocene II, isolated from Ageratum houstonianum (Bowers et ai., 
1976)(Ch. 3). The genus Phacelia, also in the Hydrophyllaceae, is also known to 

contain phytochemicals with some biological activity (Reynolds et ai., 1986). 
Therefore, the study of Nama was widened to determine if other members of the genus 



Figure 3. Dose response relationship of plant crude extracts 

tested on the large milkweed bug OncopeltusJasciatus. The 

percent mortality was recorded after 2 and 10 days for each 

dose: 1.25 mg, 2.50 mg, and 5.00 mg per plate. 
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Dgssadia pentachaeta 
(Rsteraceae) 
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Larnium amplexicaule (Lamiaceae) 
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Monarda austromontana (Lamiaceae) 
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Polanisia trachysperma (Capparidaceae) 
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Figure 4. Evolutionary relationships among orders of the 

Asteridae (after Cronquist, 1981) and the number of 

insect-active plants in those groups. The number in each box 

is the number of species tested in each order while the 

number in parentheses is the number of species with 

biologically active crude extracts. Note the high proportion 

of plants with activity in the closely related orders Lamiales, 

Solanales, and Scrophulariales indicating the success of the 

selective screen. 
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contained insect-active chemicals. 

Screening of plants in the genus Nama 

Nine Nama species, representing four of five sections in the genus were gathered 

from Hawaii, Nevada, Arizona, New Mexico, and the Dominican Republic (Figure 5). 

Remarkably, three of the nine species had some biological activity (Table 3). In 

contrast to the anti-honnonal activity of extracts of Nama hispidum, extracts of Nama 
rothrockii and Nama sandwicense had components with juvenile honnone activity. 

Nymphs of O.jasciatus, when exposed to the extract, remained in the nymphal stage. 

The abnonnal growth of the nymphal stage was characterized by one additional 

nymphal molt, producing a supernumerary sixth instar. These enlarged nymphs 

continued to feed but never becru.!le adults (Fi~ 6). 

Discussion 

The selective screen used in this study surveyed more than 68 plant families in 

Arizona. From that list approximately 25 families were chosen for collection bec.m$e of 

their high potential for the discovery of new insect-active phytochemicals. Of the 21 

families collected and tested for activity against the milkweed bug, nine species in seven 

families had biologically active phytochemicals. Five of the nine species with active 

chemicals were from three closely related orders: Larniales, Solanales, and 

Scrophulariales. The relatively high proportion of plants with active phytochemicals 

coupled with the low number of plants collected suggests that these plant orders contain 

a higher than average number of plant species with insect-active chemicals. And one 

genus, Nama, contains at least two types of chemicals that have important insect 

growth regulators. Oearly, further indepth studies and the collection of plant material 

should focus on these groups and especially the genus Nama. 
One drawback of implementing this selective screen was that it may have omitted 

whole groups of plants with insect-active chemicals. For instance, only one species in 

the family Asteraceae was tested. This group was avoided for several reasons. First, 

most of the known biologically active chemicals in the family belong to the 

sesquiterpene lactones, whose chemistry has been well-researched (Heywood et al., 
1977; Seaman, 1982). Second, many of the genera were tested in the past (Heal et al., 



Figure S. Collection sites in the mainland United States, 

Hawaii, and the Dominican Republic of Plants in the genus 

Nama. 
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Table 3. Insect hormonal activity of extracts from plants collected in the genus Nama 

Section 

Cinerascentia 

Arachnoidea 

Conanthus 

Zonolacus 

Eunama 

Species 

N. rothrockii 

N.lobbii 

N. densum 

N. demissum 

N. hispidum 

N. jamaicense 

N. stevensii 

N. sandwicense 

N. xylopodum 

* Tested on nymphs of Oncopeltus!asciatus. 

Activity* 

juvenile hormone 

none 

none 

not tested 

none 

anti-juvenile hormone 

none 

none 

juvenile hormone 

none 



Figure 6. Effects of juvenile hormone mimics from Nama 

rothrockii on the large milkweed bug Oncopeltus Jasciatus: 

A, normal fifth instar nymphs; B, normal adult; 

C, supernumerary sixth instar nymph treated with the extract 

of Nama rothrockii. 
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1950). And third, the group is large and many of the species are difficult to identify so 

active chemicals could be associated with misidentified plants. Previous studies, 

though, have demonstrated that important insect-active phytochemicals are present in 

the Asteraceae (Bowers et al., 1976; Bowers and Areguellin, 1987). Certainly, this 

selective screen procedure should be applied to this large group of plants. 

Random screens, by contrast, do not discriminate among taxa. Collections, 

typically, survey geographical areas with a high concentration of untested genera and 

preselected medicinal plants (Spjut, 1985). Random acquisition of higher plants 

resulted in numerous duplications of the species collected; some of the plants were 

collected as many as nine times (Spjut, 1985). Moreover, these geographically 

restricted random collections deliberately avoided certain species. These types were 

either 1) rare, or 2) common but uncollectable in large quantities because of their 

widely-spaced dispersion patterns. Curiously, random screens may also exclude 

common genera and species. Plants rejected for testing were common weeds such as 

the dandelion (Taraxcum officinale), species of major economic importance such as 

marijuana (Cannibus sativa), beets (Beta vulgaris), and chili peppers (Capsicum 
frutescens), and some cultivated shrubs (Spjut,1985). These plants have been tested 

numerous times and their chemistry is well known. Nevertheless, random screens have 

revealed the greatest number of plants with chemicals important for the treatment of 

disease and protection of agricultural crops. And they may be the only effective means 

to collect and test plants in areas, such as the Amazon, for which there are no 

systematically cataloged inventories of the flora. Since random screens do not restrict 

collections to certain plant groups as in selective screens, the accumulation of many 

species occurs rapidly and the whole process requires enormous capital expenditures. 

The biggest advantage of the selective screen in this study was the low cost for 

collection and testing of a limited number of plants. Since all the plants in the 

preliminary investigation were collected around the greater Tucson area, the only 

expense was a nominal sum for fuel. Moreover, expenditures in man-hours, solvents, 

and insect rearing for the forty-four species tested were only a fraction of the 

comparable expense to test the hundreds to thousands of plants accumulated in random 

screens. Calculated on the basis of all plants collected, the expense for the discovery of 

each "active" plant was less than 10 dollars (not including salary) as compared to 

random searches where the cost may exceed 1000 dollars for each plant discovered 
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with a biologically active compound (Spjut, 1985). 

Once a genus with biologically active constituents is selected for detailed studies, 

the cost for acquiring and testing the plants escalates. Frequently, the plants within the 

genus are widely separated both geographically and temporally. Plant collections may 

require air or land travel over long distances and during several seasons. In this study, 

for instance, the genus Nama was selected for further study because N. hispidum 

contained chemicals that disrupted normal metamorphosis in insects; these compounds 

might be useful for the development of new pesticides. But the plants are distributed 

over much of North America (Hitchcock 1933a, 1933b), the Hawaiian Islands, the 

Dominican Republic, and there have been several collections in South America 

(University of Arizona, Herbarium). The search for more species with insect growth 

regulators resulted in the expense for travel to California, Nevada, New Mexico, and 

the Dominican Republic. Moreover, at least two trips were necessary to California 

because some of the Nama species grow during the early spring while other species are 

found only during mid to late summer. The high cost of travel and the uncertainty that 

collecting additional plants in the genus Nama would not necessarily reveal new insect 

growth regulators put the search in a high cost/risk category. 

The expenses for the collection of plants in the genus Nama, however, were 

tempered by discovery that three of the nine species collected have insect growth 

regulators. And there are at least two types of biological activity associated with these 

compounds in the genus Nama. The first activity recorded was the precocious 

metamorphosis caused by extracts of Nama hispidum. Milkweed bug nymphs treated 

with extracts of the plant became diminutive sterile adultoids. Similar activity was first 

reported by Bowers et al. (1976). The compounds responsible were isolated and 

identifled as 7-methoxy-2,2-dimethyl-2H-benzopyran and 6,7-dimethoxy-2,2-

dimethyl-2H-benzopyran also known as precocene I and precocene II respectively. In 

addition to the activity of the precocenes, extracts of N. rothrockii and N. sandwicense 

caused a supernumerary instar in milkweed bug nymphs. Both types of activity occur 

when the insect's natural juvenile hormone metabolism is upset. 

The antihormone and juvenile hormone mimics from the genus Nama possess such 

activity and have fundamentally different mechanisms of insect growth and 

development disruption. As described by Bowers (1985), precocene I and II disrupt 

insect development and metamorphosis by interfering with the insect's juvenile 

hormone production. In milkweed bugs, cockroaches, and grasshoppers, the corpora 
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allata atrophy after exposure to precocene. resulting in the elimination of juvenule 

hormone production. Presumably, the highly reactive precocene epoxide formed. as an 

intennediate in mixed-function oxidase metabolism, alkylates cell structures with 

subsequent changes in the cell ultrastructure (Unnithan et al .• 1977).These damaged 

cells cannot produce juvenile hormone and the nymph develops into an adult The 

anti-hormone in Nama hispidum was isolated and identifed as precocene IT (Ch 3). By 

contrast, the unidentified compounds from both N. rothrockii and N. sandwicense act 

as juvenile hormone mimics. 

The first discovery that exposure of immature insects to some plant products such 

as paper induced biological activity identical to that produced by application of the 

natural juvenile hormones was made by Slama and Williams (1965). Isolation and 

identification of this "paper factor" by Bowers et al. (1966) ushered in an era of the use 

of plant-derived juvenile hormone mimics for the study of insect development and 

metamorphosis. The potential of juvenile hormone mimics for the commercial control 

of insects led to the search and identification of a number of juvenile hormone mimics 

from plants (Bowers et aI., 1966; Bowers and Nishida, 1980; Nishida et al., 1983; 

Nishida et al .• 1984). Many of these compounds as well as some synthetic analogs 

have biological activity at concentrations equivalent to or severalfold higher than the 

natural juvenile hormones (Bowers, 1968; Bowers, 1969; Bowers. 1971; Bowers, 

1976a). Moreover, as shown in this study. the search continues for new model 

compounds that simulate juvenile hormone or have the ability to abolish hormone 

production (chemical allatectomy). 

Once isolated and identified, the juvenile hormone mimics from the genus Nama 

may be used as models for the development of even more potent insect growth 

regulators. The structure of several natural products with juvenile hormone or 

anti-hormone activity have been optimized to improve the affects on insects. For 

instance, precocene IT was modified at several positions. After a systematic 

investigation, Bowers (1977b) found that elimination of the 7 -methoxy resulted in a 

loss of activity but replacing the 7-methoxy with an ethoxy group resulted in a 

severalfold increase in the anti-hormonal activity. Similarly, simple modification of 

juvenile hormone optimized the juvenilizatiou effect in insects. Protection of the alkyl 

ester moiety of juvenile hormone by substituting the methyl group with an ethyl or 

isopropyl group rendered the molecule less susceptible to esterase activity within the 

insect. Another approach used a conjugated ester (alpha-beta and delta-gamma) that 
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was not hydrolyzed as readily (Weirich and Wren, 1973). Extension or substitution of 

the olefmic carbon chain beyond the 10,11 epoxide of juvenile hormone diminishes 

metabolism by epoxide hydrolase and the subsequent loss of activity (Bowers, 1976a). 

These efforts to maximize the efficacy of the juvenile hormone mimics were rewarded 

when Methoprene was registered by Zoecon for public use as an insecticide (Hendrick 

et al., 1973). Structural modifications of the juvenile hormone mimics from Nama 

rothrocldi and Nama sandwicense may enhance the activity of those compounds and 

provide new model compounds for pest control. The use of such third generation 

pesticides (Bowers, 1977a) will increase in future years as the American public 

demands safe insect control agents. 

If the proportion of Nama species with insect growth regulators is comparable to 

the sample in this study, then a total of 17 of the 50 species (Hitchcock, 1933a, 1933b) 

will produce new model compounds for safe insect-active chemicals. That means as 

many as 14 additional species with insect growth regulators might be be found in future 

collections of the genus. Furthermore, the gap in documented collections between 

Argentina and southern Mexico suggests that the distribution of Nama may be 

continuous and thus there are more unidentified species. Some of these unknown Nama 

species in central and northern South America can be expected to contain insect growth 

regulators. Even if the ratio of active to inactive plants decreases slightly there is still a 

high chance of finding new insect growth regulators. From a chemist's or 

toxicologist's viewpoint, the genus is a rich source of new active chemicals. It is urgent 

that these plants be located and tested before they are eliminated by habitat destruction. 

In this study, habitat elimination impeded the collection of N. hispidum. During 

1986, several collections were made along the Santa Cruz River northeast of Tucson. 

In 1987, the habitat was decimated by new housing construction and not a single N. 

hispidum was located. While N. hispidum has a wide distribution and is not 

endangered, other species in the genus have small, vulnerable populations and may be 

near extinction. For instance, N. sandwicense, a native of Hawaii, is rare (Funk, 

personal communication) if not endangered. In fact, the population is too small to 

collect enough plant material for chemical studies. Unfortunately, this probably is not 

an isolated example of an imperiled Nama species. Mexican Namas such as the 

perennial N. biflorum near Monterey, while not as well studied as N. sandwicense, 

already may be another victim of rapid urban expansion. Certainly, endemic species in 

the Mexico City area are all but gone. Urban growth will not slacken but many of the 



57 

species could be rescued, so protecting Nama species is of high priority, otherwise the 

biosynthetic capability and the interesting chemistry of this group of plants will 
disappear forever. 



CHAPTER THREE 

11ffi ISOLATION OF INSEcr GROWTH REGULATORS 

FROM PLANTS IN THE GENUS NAMA 

Introduction 
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Insect juvenile hormone mimics and antihormones are lipophilic compounds 

capable of rapidly penetrating the cuticle and disrupting the normal hormonal balance of 

the insect or interfering with critical developmental processes including ecdysis and 

metamorphosis. Typically, the chemicals fall into two broad categories based on their 

biological activity; 1) those which mimic the natural hormones in both structure and 

function and 2) those which have unique structures and probably interfere in some 

endocrine stimulated biosynthetic pathway by indirect means. An example of the fIrst 

type is juvabione, a cyclic a, B. unsaturated ester isolated from the balsam fir (Bowers et 

at., 1966). Dimilin, a substituted benzyl urea, is an example of a compound which 

interrupts chitin synthesis by inhibiting a protease responsible for the conversion of 

zymogen to active chitin synthetase. Dimilin also inactivates enzymes which metabolize 

ecdysone (Terriere, 1982). Compounds that simulated the effect of unidentified natural 

juvenile hormones were systematically modified until a structure with very high activity 

was found (Bowers et al., 1965). This structure was later confmned as one of the 

natural juvenile hormones of insects (Judy et al., 1973). Elucidation of the structure 

and role of juvenile hormone in insect development was an important contribution in 

insect biology. Certainly, the recent accumulation of information about the control of 

reproduction, development, and other physiological processes by juvenile hormone in 

insects was advanced tremendously, simply by knowing the structure of the 

compound. Application of juvenile hormone analogs to insects accompanied by studies 

of the molecular events during tissue differentiation will yield new insights into 

metamorphosis, limb regeneration, reproduction, diapause, and caste determination in 

future years. 

Insect development is now known to be controlled primarily by two hormones, 

ecdysone and juvenile honnone. During larval development the immature insect 

progresses through a series of growth steps or molts, where size increases are possible 

after shedding of the old cuticle. Pupal and adult tissues, however, are still absent The 



ecdysial events of the larval stage are coordinated by the relative titers and temporal 

release of ecdysone and juvenile hormone. Pulses of ecdysone in the presence of 

juvenile hormone lead to a larval-larval molt Yet these young larvae are capable of 

developing into adults when the endocrine tissue producing juvenile hormone is 
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ablated. Under more normal circumstances, at some time late in the larval stage, after 

enough nutrients are stored in body tissue or the insect has attained some critical 

weight, there is a switch in the developmental program. Changes in the program are 

induced early in the last instar when juvenile hormone is absent and pulses of ecdysone 

are detected in the hemolymph (see Steel and Davey, 1985). A peak of juvenile 

hormone in the latter part of the last instar results in the differentiation of new pupal 

tissue (Riddiford, 1980). Thus, ecdysone is responsible for the timing of differentiation 

while juvenile hormone directs the type of molt. And the appropriate sequence of these 

endocrine events is critical to the successful metamorphosis of the insect. Any 

disruption of the hormone levels or timing usually interrupts the insect's life cycle. 

Obviously, disruption of endocrine titers by chemical analogs of natural hormones 

would make an effective pest control strategy and several juvenile analogs are now 

commercially available. 

Leads to new plant groups for pest control often come from plants that show 

biological activity with humans. One family in particular, the Hydrophyllaceae, has 

plants that were used in folk medicine (Kearney and Peebles, 1951). Infusions of the 

aromatic leaves of mountain balm, Eriodictyon angustifolium, were used in the 

treatment of sore throats and coughs. Another group of medically important plants are 

in the genus Phacelia. Several species cause dermatitis if the surface of the leaf contacts 

the skin. The active components are prenylated hydroquinones and there are various 

elaborations of the prenyl chain. Some of these diverse compounds have C-l 0 or C-20 

chains. But differences in the prenyl side-chain do not appear to affect the biological 

activity. Geranyl hydroquinone, for instance, was less potent than 

geranylbenzoquinone, which suggests that the formation of the quinone is the most 

important modification for the activity in man. None of the prenylated hydroquinones 

are reported to have activity against insects (Reynolds et al., 1986). 

Plants in the genus Nama were shown to possess insect growth regulator activity 

(Ch. 2). Topical application of crude extracts of N. rothrockii or N. sandwicense 

caused nymphs of Oncopeltus jasciarus to progress through a supernumerary instar. 

No adults were formed and the large nymphs died. Contact application of crude extracts 
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of N. hispidum caused milkweed bug nymphs to precociously mature to small, sterile 

adults. 

Isolation and identification of the anti-hormone from plants in the genus Nama was 

a straight forward procedure modeled after the studies of Bowers et ale (1976). The 

structure of the anti-hormone was identical to precocene n, a compound isolated from 

Ageratum houstonianum (Bowers et al., 1976). By contrast, juvenile hormone mimics 

are difficult to isolate. This may be due, in part, to new types of compounds which 

have a chemical disposition that is not conducive to traditional separation techniques. 

Nevertheless, a small amount of the most apolar compound was purified and analyzed 

by several spectral methods. This chapter details the isolation and identification of the 

anti-hormone from N. hispidum. and N. sandwicense, and the isolation and spectral 

properties of the juvenile hormone mimic from N. rothrockii. 

Materials and Methods 

Insects 

Last (5th) instar nymphs of the large milkweed bug Oncopeltus/asciatus were used 

to analyze the juvenile hormone mimic activity during the separations. Acetone 

dissolved fractions were topically applied to the abdomen of newly molted 5th instar 

nymphs. Juvenile hormone activity was recorded as the amount of the fraction that 

causes 50% of the nymphs to progress through a supernumerary instar. Second instar 

nymphs were used to assess anti-hOImonal activity. Twenty nymphs were introduced 

into each 9 cm diameter glass petri dish coated with either 80 ~g/cm2, 40 ~g/cm2, or 20 

~g/cm2 of crude extract. Anti-hormone activity for the extract was recorded if 

precocious adults formed after two weeks. 

Extraction and partial purification of the juvenile honnone mimics from N. rothrockii. 

Sixty kilograms of N. rothrockii was collected from Four Jefferies Campground, 

Bishop, California on 15 July 1988. The fresh plant material was pulverized, 

separated, and extracted in methylene chloride (CH2CI~ in nine 20 liter batches. The 

extract was decanted from the plant debris and evaporated in a stainless steel dish inside 

a fume hood. Residual solvent of the combined crude extract was removed under 
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reduced pressure. Non-active phenolic compounds were partitioned as follows for each 

batch of crude extract: 25 grams of extract was dissolved in 800 ml of diethyl ether; 500 

ml of 5% KOH was added to extract the base soluble phenols; the aqueous layer was 

removed and washed again with an additional 250 ml of ether; ether fractions were 

combined and the acid soluble materials were extracted with 100 ml of 0.1 N HCl 

followed with a water wash and drying with a saturated solution of NaCl; the resulting 

neutral ether fraction was dried overnight over powdered Mg2S04• The ether was 

removed under reduced pressure leaving a crude neutral fraction. 

The ether-partitioned neutral fraction was redissolved in one liter of acetone and 

placed in the cold overnight Insoluble residues were removed by flltration through 

number 1 Whatman's paper. The acetone-soluble material was concentrated and applied 

to a hexane -equilibrated open column packed with Florisil (7% H20) (5 x 60 ern). The 

column was developed by increasing the ratio of ether to hexane in increments of 5%, 

15%,25%,50% and 100% etherlhexane (Carroll, 1961). Eluate was collected until 

dark green material, mostly chlorophylls, appeared. The column was then snipped with 

100% MeOH. The most apolar active fraction, which eluted in 5% ether/hexane (Figure 

7), was used for further analysis. 

Fifty milligrams of the apolar fraction which was shown to have juvenile hormone 

activity was dissolved in acetonitrile (CH3CN). Acetonitrile insoluble material was 

removed by filtration through number I Whatman's paper. The acetonitrile soluble 

material was further purified by reverse phase high performance liquid chromatography 

(RPHPLC) and normal-phase HPLC on silica. 

High perfonnance liquid chromatography 

The apolar fraction with juvenile honnone activity was partially separated from the 

non-active components on a preparative C-18 reverse phase column (Whatman PartisH 

M-9 10/25 ODS; 250 x 80 mm) using a linear gradient (5 minutes duration starting 1 

minute after injection) of acetonitrile from 70% to 100%. Mter 14 minutes the 

acetonitrile was brought down linearly again to 70% (total time = 25 minutes). A flow 

rate of 3ml/minute was used and the optical density was measured at 270 nm (0.1 

AUFS). Twenty-four elutions of 0.5 mg of starting material each were made for a total 

of 12 mg of material separated. The fraction was further purified by normal phase 

HPLC on an analytical silica column (Alltech 10 J.Ll- 250 x 4.6 mm) using an isocratic 



Figure 7. Scheme of the procedure for isolation of the juvenile 

hormone mimic from Nama rothrockii. Arrows indicate precipitation 

steps of the boxed fraction (upper arrow = acetone, lower arrow 

acetonitrile) 
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system of 20% EtAc in methylene chloride. A flow rate of 1.0 mVminute was used, and 

the eluate detected at 270 nm (0.1 AUFS). The active component used for spectral 

studies weighed approximately 30 J.1.g. Since the active compound would not pass 

through a gas chromatograph, even at relatively high temperatures (350°C), GC-MS 

was eliminated as a potential separation and detection method. 

Spectrometry 

A ultraviolet spectrum (UV) was recorded in 1.0 ml of MeOH on a Beckman model 

DV -64 spectrophotometer. A [1 H] nuclear magnetic resonance spectrum (pNMR.) was 

recorded with a Bruker 500 MHz spectrophotometer. The sample was in deuterated 

chloroform (CDCI3) with tetramethylsilane as an internal reference. Lack of sufficient 

compound prevented useful assignments. A Fourier transformed infrared spectrum 

(FTIR) of neat compound was recorded on a Perkin-Elmer model 1880. The sample 

was vacuum-dried on a NaCI single crystal, quantitative mode, nominal resolution (4 

em-I). A direct probe desorption chemical ionization (DCn mass spectrum was made 

on a Finnigan MAT -90. The analysis was made in ammonia gas with a source 

temperature of 150°C and the probe temperature varied from ambient to 800 °C at 30 

°C/sec. 

Extraction and purification of the anti-hormone from N. hispidum and N. sandwicense 

The bioactive component was extracted from N. hispidum and N. sandwicense 
using methylene chloride. The plant material was homogenized at low speed in a 5 liter 

blender for one minute. The homogenate was filtered and the solvent was removed in 
vacuo to yield an oily residue. The residue was fractionated by the method of Bowers 

(1976b). All fractions as well as precocene I and precocene II were evaluated by gas 

chromatography. The fractions were also tested for activity as described in the "Insects" 

section (page 60) . Fractions from N. hispidum containing the biologically active 

component and fractions from N. sandwicense that had peaks with retention times, 

detected by capillary gas chromatography (Hewlett Packard model 5880-a temperature 

program starting at 100 °C for 3 minutes then increasing linearly at 20°C/minute to a 

final temperature of 250°C was used, flame ionization detection, 15m x 0.53mm 

Megabore™ DB-l methyl silicone column-1.5J.1.m film thickness, head pressure-250 
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KPa Nitrogen), coincident with the retention time of precocene II were pooled, purified 

by preparative TLC (ethyl etherlhexane 15:85), and resolved by HPLC (ethyl 

acetatelhexane 10:90). The HPLC separation used a 25cm Alltech 10 J.l.Ill silica column 

with detection by differential refractometer. 

Analysis of the HPLC fractions and synthetic precocene II were made with 

GC-MS. Approximately 100 ng of the HPLC fractions and 40 ng of synthetic 

precocene II were injected (splitless injection) on a 12 m HPI (methyl silicone) column 

(GC). A temperature program starting at 100 °C for 3 minutes then increasing linearly at 

20°C/minute to a final temperature of 250°C was used. Helium was the carrier gas (1.0 

mVminute). Mass selective detection was from 300-500 daltons after 70 eV electron 

impact ionization. Additionally, trichome glandular heads of fresh N. hispidum were 

ruptured with a fine capillary pipette and the residue immediately dissolved in acetone. 

The solution was analyzed by gas chromatography and GC-MS as above. 

Results 

The procedure for extraction and purification of the apolar juvenile hormone mimic 

is shown schematically in Figure 1. Approximately 85% of the mass with inactive 

compounds was eliminated by partition with both basic and acidic aqueous phases. 

More mass was precipitated in cold acetone resulting in a semipurified fraction weight 

of 20 grams from an original weight of 271 grams of crude extract The acetone-soluble 

mixture was fractionated on a Florisil column and at least two distinct juvenile hormone 

mimics eluted. Since the most apolar fraction had the highest activity and the smallest 

mass (Figure 8), it was used for the final purification steps. By weight, fractionation 

eliminated 98% of the inactive mass in the acetone-soluble mixture from the apolar 

active fraction. Acetonitrile-soluble components (16.4 mg/27 mg) of the apolar Florisil 

fraction retained the biological activity and was used for preparative reverse-phase 

HPLC. The active area from the 24 injections of acetonitrile soluble material, indicated 

in Figure 9, was collected and pooled. The apolar juvenile hormone mimic eluted after 

approximately five minutes and may be associated with co-eluting compounds which 

absorbed strongly at 270 nm. A final purification of the apolar juvenile hormone mimic 

was made by normal-phase HPLC (Figure 10). The large peak 

detected at 270 nm was collected and retained juvenile hormone activity. Physical and 

chemical analyses were made on this purified compound (fmal weight = 30 ~g). 



Figure 8. Percent of total recovered mass of florisil column (7% 

water) fractions obtained from Nama rothrockii crude extract. The 

acetone soluble neutral fraction was applied to the column and the 

column developed in an ascending series of ether/hexane. Eluate 

was collected, dried under reduced pressure, and weighed. 

Fractions possessing juvenile hormone activity are starred. The 

low-mass apolar fraction 2c (5% ether) was used for reverse-phase 

HPLC. 
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Figure 9. The chromatographic profIle of the preparatory 

reverse-phase HPLC of one florisil fraction from the Nama 

rothrockii crude extract Fraction 2c of the florisil column (5% ether) 

was applied to the column. The eluate was detected at 270 nm. The 

hatched area retained juvenile hormone activity and was collected for 

further analysis. Chromatographic details are in the materials and 

methods. 
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Figure 10. The chromatographic pattern of the fmal purification step 

by normal-phase HPLC of Nama rothrockii. The juvenile 

hormone-active area from the reverse-phase HPLC was applied to 

the column. The large peak eluting at approximately 4.5 minutes 

was used for the spectral analyses. The eluate was detected at 270 

nm. 
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Characterization of the apolar juvenile hormone mimic 

This analysis relied principally on both positive and negative spectral interpretation 

(Socrates, 1980) of UV, FTIR, PNMR, and MS. For instance, the pattern of bands 

absorbing light in the infrared region was used to make a positive interpretation; that is, 

characteristic absorption bands appear and represent certain functional groups. A 

strong absorption band at approximately 1700 em-I is indicative of a carbonyl stretch 

(C=O) and may represent esters, ketones, amides, carboxylic acids and their salts. By 

the same reasoning, if there was no absorption band at 1700 cm-l , a negative 

interpretation would suggest that a carbonyl group was absent in the molecule. By 

using a combination of positive and negative interpretation of the spectra obtained from 

the juvenile hormone mimic some speculation as to its' composition was possible. 

FfIR and MS produced the most meaningful spectral information for the unknown 

compound; therefore, they were used as primary sources of structural data. UV was 

more difficult to interpret and was used for secondary or confmnatory structural 

information. 

FfIR 

The upper (shorter wavelength) functional group region ranges from 4000 cm-! to 

1300 em-l, the fmgerprintregion from 1300 cm-l to 909 em-l, and the lower functional 

group region from 909 cm- l to 700 cm- l (Silverstein et al., 1980) (Figure 11). In the 

upper functional group region, two peaks represent the broad absorption area at 3400 

em-l while three major peaks are detected in the region around 2900 em-I. The most 

useful peaks for identification of functional groups were at 1715 cm- l and 1618 cm-l 

but there were also peaks at 1489 cm-l , 1442 cm-l , and 1379 cm-l which could be 

helpful in the confirmation of functional groups. In the lower functional group region 

there was one outstanding absorption band at 769 cm- l and two minor absorption areas 

at 833 cm-l and 734 cm-l . As typical of most IR spectra, the fingerprint region was 

complex and had a large number of absorption bands. The doublet at 1291 cm- l and 

1270 em-l were the most characteristic absorption bands in the fmgerprint region. 

Negative interpretation of the IR immediately reduced the number of possible 

functional groups. 

Using prominent peaks in the IR spectra as indicators of functional groups, a strong 



Figure 11. FfIR spectrum of the isolated apolar juvenile hormone 

mimic from Nama rothrockii. Analysis made of neat compound on a 

single crystal NaCl. Analytical details in the Materials and Methods. 
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absorption band at 1715 cm- l clearly indicates that a carbonyl group (C=O stretch) is 

present in the molecule. As suggested above, the carbonyl group could belong to an 

ester, ketone, aldehyde, or a carboxylic acid. Lack of absorption around 3000 cm-l 

eliminates a carboxylic acid. The apolar nature of the compound also contributes further 

evidence that the compound is not a polar carboxylic acid. 

The band at 1618 em-I could indicate an olefinic stretch (C=C) or an aromatic group 

stretch (ar-C=C). The data suggest that there may be some un saturation in the molecule 

which might account for the strong absorption band at 1618 cm-l . Moreover, the MS 

indicates that the molecule has an ester functional group. 

Because of the structure of juvenile hormones and known juvenile hormone 

mimics, and the supporting spectra in this study, I believe that the compound is 

probably an ester. Since the spectra have given some evidence in favor of an ester, 

further study was made to verify that assumption. That class of molecule is also 

consistent with many unsaturated esters that have juvenile hormone activity (Bowers et 

al., 1965, 1966; Bowers, 1968). 

Comparison of FTIR spectra of a number of a, B unsaturated esters (Pouchert, 

1985) with the spectra of the unknown convinces me that the main functional group of 

the molecule is an a, B unsaturated ester. Moreover, the fmgerprint region of 

a-substituted unsaturated esters such as butyl methylacrylate and allyl methylacrylate are 

similar to the fmgerprint region of the unknown. The most prominent fingerprint region 

bands of both of the above compounds and the unknown are the doublet around 1300 

em-I and the singlet at 1165 cm-l . A doublet at 1300 cm-l may indicate the C-O-C 

asymmetric stretch of the aliphatic ester and the singlet at 1165 cm- l probably 

represents the C-O stretch. 

The olefmic absorption band in some a, B unsaturated esters is always at a slightly 

higher wavenumber than the comparable band in the spectra of the unknown juvenile 

hormone mimic. Shifts in the band for the a, B un saturation in the unknown are 

probably from the influence adjacent functional groups. 

Inclusion of the a, B un saturation in a 5-membered ring also made the absorption 

band appear between 1616 cm- l and 1620 cm-l . Conjugation of a double bond with a 

phenyl group would cause a strong absorption around 1625 cm- l , but as a doublet 

(Socrates, 1980).Whether there is a cisoid or transoid orientation is difficult to assess 

with the IR alone. Nevertheless, a combination of these functional groups (unsaturated 

ester) could have caused the characteristic absorption patterns in the FTIR of the 
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unknown juvenile honnone mimic. 

uv 

The compound had an absorption maxima of 233 run, a shoulder at 260 om and 

another broad absorption area around 390 nm (Figure 12). In general, absorption of 

light in the ultraviolet region is an indication of molecules with a conjugated 1t orbital 

system (Kemp and Vellaccio, 1980). These linked functional groups might consist of 

two or more double bonds (C=C) each separated by a single bond, a benzene ring, or a 

carbonyl and a double bond such as an a, B unsaturated ester, aldehyde, or ketone. 

Since the IR and MS data were consistent with the spectral data of known unsaturated 

esters and benzyls, those structures were considered in detail as candidates for causing 

the UV spectra of the compound 

Since the IR had a single peak for a carbonyl and a single peak for a double bond, 

we may consider that the two groups are linked, providing a conjugated system that 

absorbs in the UV region. The shoulder at 260 nm also suggests the presence of a 

benzyl group (Simons, 1979). 

Overall, from the UV data, the apolar nature of the compound, as well as the high 

molecular weight around 400 (from MS data), both an unsaturated ester and a 

conjugated ring system may occur in the structure of the compound. 

PNMR 

The PNMR analysis was of little diagnostic value because of the small amount of 

sample material (30 Jl.g). The spectrum is included as a guide to future attempts to 

analyze the compound by PNMR (Figure 13). 

MS 

Desorption chemical ionization (DCI) by direct probe injection produced a spectrum 

consistent with the UV, IR, and PNMR data. Most importantly, as the probe 

temperature was increased, the parent ion, the base peak, and the other major peaks of 

the spectrum were detected at 39°C. Since the most abundant fragments occur at the 

same temperature as the parent ion, they are assumed to be the result of fragmentation 



Figure 12. The UV spectrum of the apolar juvenile honnone mimic 

from Nama rothrockii. Analysis made in MeOH. Analytical details 

in the Materials and Methods. 
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of a single compound, thus indicating a pure sample. A possible parent ion was m/e 

391, but since the analysis was made in ammonia the parent ion may include the 

addition of a proton or ammonia. Therefore, the molecular weight is 390 or 372. A 

base peak of m/e 236 and other high abundance fragments are shown in Figure 14. An 

m/e 236 suggests that the molecule is fragmenting in half, unlike the long chain oletins 

or aliphatic esters which commonly have base peaks below m/e 100. Moreover, some 

steroids and multicyclic alkanes have base peaks about the same m/e as the parent ion 

but the MS of the compound does not fit in that category either. 

Several fragments in the MS of the compound are indicators of certain types of 

molecular arrangements and almost always the result of one functional group. Peaks at 

m/e 74 and m/e 102 confirm the presence of an ester, probably after a McLafferty 

rearrangement which could be anticipated with an a, B unsaturated ester. The presence 

of a phenyl group might be indicated by the high abundance peak at m/e 119 and the 

lower abundance peak at m/e 132 (Hamming and Foster, 1972). An unsaturated ester 

and a phenyl group are consistent with the other spectra of the compound. 

Characterization of the anti-hormone from N. hispidum and N. sandwicense 

The gas chromatographs and mass spectra of the active compound of N. hispidum, 

the compound of N. sandwicense, a peak from the trichome exudate of N. hispidum, 

and synthetic precocene II (Aldrich, Milwaukee, WI) are shown in Figure 15 and 16. 

The gas chromatograms indicated that synthetic precocene II and the unknowns from 

N. hispidum or N. sandwicense were detected at a retention time of 7.58 minutes 

(Figure 15). The unknown from the trichome exudate of N. hispidum and synthetic 

precocene II were detected at 7.54 minutes. The 1 % difference in the retention time of 

unknown from the trichomes was because the analysis was made more than a year after 

the analyses of the plant material. Adjustments to the column from routine cleaning 

during the year probably account for the shorter retention time. 

Mass spectra of the unknowns and synthetic precocene II were identical. The total 

ion chromatogram (TIC) of the HPLC fractions of N. hispidum and N. sandwicense 

(the bottom half of A and C in Figure 16) confIrms the relative purity of the samples 

while the trichome extract of N. hispidum was confmned as a complex mixture (the 

bottom half of B in Figure 16). The retention times for the selected peak (m/e 205) were 

7.38 minutes for the compound of N. hispidum, 7.36 minutes for the compound of N. 



Figure 13. PNMR spectrum of the apolar juvenile hormone mimic 

from Nama rothrockii. Analytical details in the Materials and 

Methods. 
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Figure 14. Desorption chemical ionization mass spectrum of the 

apolar juvenile hormone mimic from Nama rothrockii. Analytical 

details in the Materials and Methods. 
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Figure 15. Gas chromatographs of plant and trichome extracts from 

N. hispidum (A and B, respectively), plant extracts from N. 

sandwicense (C), and synthetic precocene II (D). Peaks representing 

precocene II are shown by the arrow. Chromatographic details are 

presented in the Materials and Methods. 
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Figure 16. Mass spectrum (MS) and total ion chromatographs (TIC) 

of plant and trichome extracts from N. hispidum (A and B, 

respectively), plant extracts from N. sandwicense (C), and synthetic 

precocene II (D). The mass spectra (upper panel, A-C) indicate that 

the plant compounds were identical to precocene II (upper panel, D). 

Peaks representing precocene II in the total ion chromatograph (m/e 

205 selected) are shown by the arrow (lower panel A-D). Mass 

spectral and chromatographic details are presented in the Materials 

and Methods. 
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sandwicense, and 7.18 minutes for the trichome extract of N. hispidwn, and 7.08 

minutes for synthetic precocene ll. Each peak is identified in Figure 16 by an arrow. 

The mass spectrum of each selected peak for all samples is shown in the top portion of 

A, B, and C in Figure 16. The samples were identical to synthetic precocene n (Figure 

16 D). Each sample had a parent ion of m/e 220, a base peak of m/e 205, fragments at 

m/e 189 and m/e 161, and several smaller fragments which were identical. The 

coincidence by gas chromatography, identical mass spectra, and similar biological 

activity (at least for N. hispidwn ) indicates that the unknown compounds were 

precocene ll. 

Discussion 

A small amount of compound (30 ~g) with juvenile hormone activity was purified 

from 60 kg of Nama rothrockii. The procedure for purification required traditional 

extraction, partition, and open column separations followed with reverse and normal 

phase HPLC. Since the compound was not volatile, combined GC-MS could not be 

used There was enough material from the purification for a FTIR, MS, and UV, but 

the PNMR was not useful for identification of functional groups. Once the class of 

compound is verified, however, adjustment of the purification procedure, to increase 

recovery of the unknown juvenile hormone mimics, will improve the identification 

protocol. Moreover, the other juvenile hormone mimics detected in N. rothrockii might 

become easier to isolate too. 

The compound isolated in this study had evidence from the FTIR, UV, and MS for 

an unsaturated ester. These groups probably contribute to the biological activity of the 

compound. The presence and orientation of the a, B un saturation is generally 

recognized as an important feature for activity in many juvenile hormone mimics; 

elimination of the double bond or the coplanarity of the functional group causes a 

considerable reduction in the juvenile hormone activity of most compounds (Slama et 

al., 1973). The compound's lipophilicity and low polarity (but not completely apolar) is 

concomitant with the attributes of other juvenoids (Slama et al., 1973). The low 

volatility of the molecules analyzed in this study is a characteristic which may make the 

compounds useful for pest control (Bowers, 1976a). 

While the indentification of certain functional groups was possible, an unequivocal 

structural determination is impossible until more compound is isolated A high 
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resolution MS will give the molecular formula and an adequate PNMR will provide 

more information on the position of the protons. Moreover, simple chemical 

modifications to the isolated compound could yield critical structural information. Once 

the isolation and identification of anyone of these juvenile hormone mimics is 

completed, new even more potent juvenile hormone analogs might be made using the 

compound as a model structure. 

The abundance and diversity of natural products discovered during this study have 

shown that plants in the genus Nama are an important new source of novel chemicals 

with biological activity against insects. In addition to the juvenile hormone mimics from 

N. rothrockii, N. sandwicense contains one or more juvenile hormone mimics which 

have not been identified. Preliminary separations show that the chemistry of the 

juvenile hormone mimics from N. sandwicense may be distinct from those of N. 

rothrockii. If so, two completely different classes of juvenile hormone mimics may 

occur in the genus Nama. This exciting possibility should stimulate more research on 

N. sandwicense. Unfortunately, the plant is a rare, perhaps endangered, species and 

ample plant material for chemical investigations is presently unavailable. 

In addition to the juvenile hormone mimics, the anti-juvenile hormone, precocene 

n, was detected in two Nama species. Both N. hispidum and N. sandwicense had 

precocene II in substantial amounts although the anti-hormonal activity in N. 

sandwicense was masked by the juvenile hormone mimic. This is the first report of a 

plant containing both juvenile hormone-like compounds and anti-hormone compounds. 

The role of these compounds in the plant's survival is unknown but they are probably 

involved in the prevention of insect predation. Perhaps there are different predators and 

each compound helps alleviate some herbivory pressure. Precocene n in the glandular 

trichomes may help defend against herbivores since trichomes may have a part in the 

protection of plants (Juniper and Southwood, 1986). Alternatively, the compounds 

may be produced at different times of the year, depending on the season or 

environmental conditions, and need not be coordinated in the time of appearance or in 

their specificity on certain insects to effectively protect the plant. Moreover, the toxic or 

deterrent effect of precocene II on insects would not be reversed because of the 

presence of a juvenile hormone mimic. A conflict of activity only occurs in a 

developmental, morphogenetic, or reproductive context. 

The anti-hormones and juvenile hormone mimics detected in N. sandwicense may 
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have separate roles in the plant's protection. Or they may act synergistically to reduce 

insect herbivory. Certainly, this group of plants deserves further study to delineate the 

effects of the insect growth regulators on host specific pests. Tests of the effects of 

precocene IT against a generalist predator attacking Nama is presented in the next 

chapters. 
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CHAPTER FOUR 

GROWfH INHIBmON AND DELAYED DEVELOPMENT IN LAST INSTAR 

LARVAE OF THE CORN EARWORM, HEUOTHIS ZEA, INDUCED 

BY ORAL AND TOPICAL APPLICATION OF PRECOCENE IT 

IntroductioD 

Precocene IT, found in the plant families Asteraceae (Alertsen, 1955) and 

Hydrophyllaceae (see Ch. 2), produces a variety of effects on insects. Immature stages 

of Oncopeltusjasciatus and other insect species prematurely develop into sterile 

adultoids (Bowers, 1976b; Bowers et aI., 1976). Adult female insects are sterilized 

(Bowers, 1976b; Bowers et aI., 1976). There sometimes is an inhibition of mating or 

inhibition of molting (Bowers, 1985). The embryogenesis of some insects is disrupted 

(Bowers, 1985) and some insects shift into diapause (Bowers, 1983; Sieber and Benz, 

1980 a,b). Sex pheromone production is suppressed (Bowers et al., 1976; Chang and 

Hsu, 1982) and there are changes in sex and caste determination (Hales and Mittler, 

1983). Precocene IT alters metabolism and interferes with communication, normal 

development, reproduction, and the behavior of many insects. 

Precocene IT also causes insects to consume less food. Precocene-induced 

adultoids of the bug Rhodnius prolixus do not feed ([arrant and Cupp, 1978) and 4th 

instar nymphs of R. prolixus feed less as the concentration of precocene IT is increased 

(Azambuja et aI., 1982). Pyrrhocoris and Dysdercus nymphs feed less and grow 

slower when treated with precocene (Slama, 1978). Subtoxic doses of precocene retard 

feeding in the adult female milkweed bug Oncopeltus jasciatus (Bowers and Aldrich, 

1980). Nymphs of Locusta migraroria are deterred from feeding on glass fiber discs 

soaked with 140 J.1g of precocene IT but part' .llly consume discs containing lOJ.1g 

precocene IT (Van der Werf and Schooneveld, 1984), Precocene-induced inhibition of 

feeding and growth in hemiptera and orthoptera is well documented but little attention 

has been given to the feeding deterrent activity of precocene in other insect orders. 

Precocenes are also reponed to be toxic when incorporated into the diet of neonate 

larvae of the corn earworm H eliothis zea (Wisdom et al., 1983). Last instar larvae, 

however, metabolize topical doses of 50 ng of precocene II per mg body tissue. The 



compound rapidly penetrates the cuticle and is detoxicated in the midgut tissue by 

membrane bound cytochrome P-450 mixed-function oxidase (Haunedand and 
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Bowers, 1985). Induction of cytochrome P-450 oxidase enzymes by xenobiotics may 

influence the biosynthesis, activation, or regulation of physiological levels of juvenile 

hormone (yu, 1986) resulting in abnormal development Phenobarbital or piperonyl 

butoxide fed to larvae of the housefly, Musca domestica, increase microsomal oxidase 

activity and delay pupation (Yu and Terriere, 1974). Since precocene IT is transformed 

into reactive intermediates by oxidase enzymes (Brooks et al., 1985) and alkylates cell 

macromolecules (Aizawa et al., 1985), there also may be a direct cytotoxic action on the 

gut tissue. Such damaged gut cells may not transport nutrients or inactivate juvenile 

hormone as readily so larvae might exhibit delayed or aberrant growth. 

To distinguish between larval post-ingestive intoxication and antifeedant activity 

in last instar H. zea., precocene IT was administered orally and topically. Topical 

treatment, as in this study, or encapsulation of the compound (Berenbaum, 1986), 

bypasses the sensory receptors in the larvae's mouth. Presumably, if the larvae do not 

taste the compound, changes in the feeding and growth rate are the result of toxicity or 

altered metabolism. Therefore, slow growth rates after oral administration contrasted 

with unaltered growth rates after a single topical dose of precocene II would suggest 

antifeedant activity. Reduced growth rates by both methods might indicate that 

precocene IT is disrupting the biochemical regulation of the larvae. In this study, the 

EDso for the growth rate of H. zea was attained by oral and topical treatments indicating 

there is a post-ingestive component in the intoxication. The developmental delays and 

precocene IT excretion of last instar H. zea are also described. 

Material and Methods 

Rearing of larval H. zea 

H. zea larvae were reared at 25°C, 15:9 L:D cycle and fed agar-based (3% w/v) 

artificial diet for the gypsy moth (lCN). Vanderzant's vitamin mixture (lCN) was 

fortified with extra ascorbic acid and vitamin A (Evans, personal communication). 

Larvae for experiments were selected using the procedure of Jones et al. (1981). Larvae 

at the 4-5 apolysis period were identified by the criteria: clearing of the gut contents, 

movement from the artificial media, stretching of the cuticular suture just posterior to 
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the head capsule (i.e. bubblehead), head capsule slipping forward, and sci erotized 

mandibles of the 5th (last) instar larvae visible within the 4th (penultimc'Lte) instar head 

capsule. This method provided developmentally synchronous (± 6 hours) groups of 

larvae. Newly ecdysed last instar larvae were used in the experiments. 

Experimental diet preparation 

Crystals of pure laboratory synthesized precocene II were mixed in hot liquid diet 

to a final concentration of 0 (control), 2, 4,6, and 8 mM or 440,880, 1320, 1760, and 

2200 J.lg/g fresh diet respectively. Formaldehyde, a common antibiotic for many insect 

diet formulations, blended alone in the diet or with precocene II inhibited com earworm 

growth (Binder and Bowers, unpublished observations). Therefore, formaldehyde was 

omitted from the experimental diets. 

Heat destruction of precocene II was tested by comparing aliquots of precocene II 

solution (made in acetone) before and after one or two minutes of microwave heating. 

No qualitative or quantitative difference in precocene II was detectable by capillary GC 

(Hewlett Packard model 5880-Flame ionization detection, 15m x 0.53mm Megabore™ 

DB-l methyl silicone column-1.5~m film thickness, head pressure-250 KPa Nitrogen). 

Uniform distribution of precocene II in the diet was tested by extracting samples 

of experimental diet The diet was minced, extracted in 3 x 1 m1 volumes of methylene 

chloride, and the residues removed by fIltration through extracted cotton. The fIltrate 

was dried under a stream of nitrogen and the dry extract redissolved in hexane. Extracts 

were analyzed for precocene II by packed-column GC (Shimadsu model 8A- 160°C, 

2m x Imm 3% OV-l/ 80-100 mesh supelcoport, head pressure-2Kg/cm2). The quantity 

of precocene II in an injection was determined by extrapolating the integrated area under 

the peak representing precocene II using a standard of integrated areas for amounts of 

precocene II ranging from 200 ng to 1000 ng. The total precocene II content in the 

sample was the product of the ng precocene ll/~ injected and volume of the diluted 

extract Amounts of precocene II in the experimental diet samples were 40% (by 

average) higher than expected. Since all samples were consistently higher in precocene 

II, there probably was not an uneven distribution of precocene II but discordant 

extraction and detection methods. 
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Larval growth and development studies 

Growth and development of last instar H. zea fed ad libitwn on experimental 

diets were observed by measuring weight (± O.lmg) daily on a Mettler balance (Model 

AE 163) and recording time to pupation. There were 30 larvae/dietary concentration of 

precocene ll. Similar observations were made for larvae treated topically with 

precocene ll. In addition, the larvae were segregated by weight into four groups 

(l00mg, 200mg, 3OOmg, 40Omg) prior to topical application to evaluate the 

age-dependent response of H. zea to topical doses of precocene II (0, 2.5, 5.0, 7.5, 

and 10 J.1g/mg larvae). Doses were dissolved in acetone volumes ranging from 0.5 J.lI 

for the smallest dose (2.5 J.1g/mg in the 100 mg weight category) to 10 J.lI for the largest 

dose (10 J.lg/mg in the 400 mg weight category). Control larvae, for each dose and 

category, were given the same volume of acetone that was given to the experimental 

larvae. All doses were applied with a glass capillary (Drummond microcaps) to the 

dorsal abdomen well away from the head. The sample size was 10 larvae in each group 

(total = 200). In a third experiment, larvae were again segregated by weight into four 

groups and fed ad libitum on diet containing 4 mM precocene ll. Age-dependent 

responses of 15 H. zea larvae in each group (total = 120) were recorded as above. 

Growth rate for each larvae is expressed in mg x g-l x day-l and was calculated 

as outlined by Gordon (1968,1972). G = flW/(We x t) where G = the growth rate, flW 

= dry weight gain of the insect (mg), the exponential mean weight We = fl W /d x In (W f 

+ Wi)' and t = time period. The average dry/wet weight ratio = d for larvae at the 

beginning of the feeding period was established by weighing an additional 100 newly 

ecdysed larvae, oven drying the bodies at 100 °C for 24 hours, reweighing each body, 

and computing the wet/dry ratio for all individuals. W f and Wi were the final and initial 

wet body weight of each experimental larvae. Growth rate was determined during a 

three day period of the final instar for all animals except those in the 300mg and 400mg 

groups. Growth rate for the latter groups was determined during a two day period only, 

since body weights declined and behaviors changed after the second day as larvae 

approached metamorphosis. 

Calculation of the growth rate on a dry weight basis measured acttlal body mass 

gained and eliminated apparent weight gains resulting from water retention, a problem 

found frequently in fresh weight determinations (Gordon, 1968,1972). But the 
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method depended on an indirect measure of the larval dry weight gain during the 

feeding period. Therefore, a dry/wet ratio was needed for larvae at the beginning and 

end of the experimental period. Unfortunately, dry/wet weight ratios at the end of the 

feeding period for larvae fed control diet were slightly higher than the initial larval 

dry/wet weight ratio. And dry/wet weight ratios at the end of the feeding period for 

larvae fed diet containing precocene II were slightly lower than the initial larval dry/wet 

weight ratio. The variability in the calculated value of G resulting from different dry/wet 

weight ratios could obscure the relationship among treatment groups. For instance, if a 

higher final dry/wet weight ratio for controls was used in the calculation of G instead of 

maintaining a constant dry/wet weight ratio, there was a decrease in the value of We and 

an corresponding increased G. Conversely, if a lower final dry/wet ratio was used for 

the groups exposed to precocene II instead of maintaining a constant dry/wet weight 

ratio, there was an increase in the value of We and a corresponding decreased G. 

Simultaneous use of both higher and lower dry/wet weight ratios would augment 

differences in the mean growth rate of control and precocene treated groups. Therefore, 

the variability was minimized when the exponential mean weight was calculated using 

one value (0.14) for the larval dry/wet weight ratio. Similarly, weight gain (/!,. W) was 

calculated as the arithmetic product of the final larval wet weight and the initial larval 

dry/wet weight ratio minus the arithmetic product of the initial larval wet weight and the 

initial larval dry/wet weight ratio. This method gave the most conservative evaluation of 

differences in the growth rate among groups. 

Excretion of precocene II after topical application 

The feces from one larva in each group (total n = 20) was collected each day, 

extracted, and analyzed for precocene II as described above. Total excretion of 

precocene II in Ilg for each larva was summed over a two or three day period 

depending on the weight of the larvae. Precocene II was not detected in the feces of 

animals fed control diet. The excretion rate of precocene II was expressed in ~g x g-1 x 

day-1 and was the amount ofprecocene II excreted, 2 days for the 300 mg and 400 mg 

larvae or 3 days for the 100 mg and 200 mg larvae, divided by the exponential mean 

weight of the larvae for that period. Precocene II excretion standardized by this method 

made comparisons of precocene II excretion by weight category more meaningful. 
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Statistical Analyses 

Differences in mean growth rates of last instar larvae fed diets with precocene II 

were determined by one-factor analysis of variance (ANOVA)(Ott, 1984). Pair-wise 

comparisons were made using Fisher's PLSD (Apple Statview 512+). Similar 

comparisons with t-tests were made for larvae fed control diet or diet with 4 mM 

precocene II in all 4 weight categories. When assumptions underlying ANOV A or 

t-tests were violated ( i.e. equivalent variance or normal populations), the 

Kruskal-Wallis or Wilcoxon non-parametric tests were used (Conover, 1980). 

Results 

Precocene-induced reductions in maximum weight and delays in development 

Incorporation of precocene II into the diet of last instar H. zea larvae had severe 

effects on the growth and development of the animals (Figure 17). Increasing the 

dietary concentration of precocene II resulted in lower larval mean body weight and a 

delay in attaining the mean maximum weight Larvae fed control diet reached a higher 

maximum mean weight (646.5 mg) sooner (3 days) than any treated larvae. Similarly, 

100 mg larvae treated topically with precocene II had lower mean body weight and a 

delay in attaining the mean maximum weight relative to the controls (Figure 18). 

Differences in maximum weight among topically treated larvae in the control, 2.5 

Jlglmg, or 5.0 Jlglmg groups were not evident but maximum weights of larvae in the 

7.5 Jlglmg and 10.0 Jlglmg groups were lower. Regardless of the topical dose of 

precocene II, larvae had mean weights around 400 mg at pupation or the end of the 

experimental period. 

Age-dependent responses to topical treatment of precocene II were evaluated by 

segregating larvae into different weight categories. Topical treatment of larvae with 

precocene II resulted in reductions of the mean maximum weight in all weight 

categories (Figure 18, 19,20 and 21). Typically, as the topical dose ofprecocene II 

was increased within each weight category the larval mean maximum weight declined. 

Lower doses of precocene II caused greater decreases in the mean maximum weight as 

the weight category of the larvae was increased but the two highest doses of precocene 

II were still the most effective at reducing mean maximum weight. The mean body 



Figure 17. Growth curve of last instar H. zea fed artificial 
diet containing precocene ll. Vertical lines at each point 
represent the standard error of the mean. 
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Figure 18. Growth curve of last instar H. zea weighing 
100mg when topically treated with precocene II. Vertical 
lines at each point represent the standard error of the mean. 
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Figure 19. Growth curve oflast instar H. zea weighing 
200mg when topically treated with precocene II. Vertical 
lines at each point represent the standard error of the mean. 



91 

700 III 0 Ilg/mg 

• 2.5 Ilg/mg 

600 a 5.0 Ilg/mg 

0 7.5 Ilg/mg 

- • 10 Ilg/mg ~ 

E 500 -E--

== C,!) -~ 
~ 400 
> 
Q 
0 
== 
:z 
< 300 ~ 

~ 

200 

o 2 4 6 8 10 12 

DAYS POST -ECDYSIS 



Figure 20. Growth curve of last instar H. zea weighing 
300mg when topically treated with precocene ll. Vertical 
lines at each point represent the standard error of the mean. 
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Figure 21. Growth curve of last instar H. zea weighing 
400mg when topically treated with precocene II. Vertical 
lines at each point represent the standard error of the mean. 
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weight on day 7 was nearly identical for all dose groups in the 100 mg, 200 mg, and 

300 mg weight categories but the mean body weight for all precocene IT treated larvae 

in the 400 mg category was slightly lower than the comparable control group. 

There were also delays in attaining the mean maximum weight within each 

weight category as the topical dose ofprecocene IT was increased (Figure 18, 19,20 

and 21). At all doses in the 200 mg weight category, larvae required one extra day to 

reach their maximum weight In the 300 mg category, larvae treated with 2.5 J.1g/mg 

required one extra day, larvae treated with 5.0 or 7.5 J.1g/mg required two extra days, 

and larvae treated with 10.0 J.1g/mg required three extra days to achieve their maximum 

weight. In the 400 mg weight category, larvae treated with 5.0 J.1g/mg required one 

extra day and larvae treated with 10.0 J.1g/mg required two extra days. Maximal weight 

for the larvae treated with 7.5 J.1g/mg was the initial weight of 400 mg. 

Age-dependent responses of larvae fed diet containing 4 mM precocene II were 

the opposite of responses recorded for topical treatment. Larvae in control groups for 

each weight category had substantially higher maximum weights than comparable 

larvae fed precocene II (Figures 22-25). The difference in maximum weight of control 

larvae and larvae fed precocene II decreased as the iarvae became heavier and older. 

The difference in the time required to reach the maximal weight also decreased with 

increases in weight. Larvae required three extra days to reach the maximum weight in 

the 200 mg and 100 mg weight categories, two extra days in the 300 mg weight 

category, and only one extra day to reach the maximum weight in the 400 mg weight 

category. Apparently, the larvae are less sensitive to precocene IT as they became 

heavier and older. 

In summary, no difference was observed in the age-dependent response of larvae 

given topical treatments of7.5 J.1g1mg or 10.0 J.1g/mg precocene II. Heavier larvae were 

more sensitive to smaller topical doses of precocene II. As a consequence of the 

increased sensitivity, larvae had lower maximum weights and required more time to 

achieve that weight as the larvae matured. Younger larvae were more sensitive to 

precocene IT by oral treatment, had lower maximum weights than similar control 

groups, and required more time to reach the maximum weight. Differences in weight 

and development between control larvae and larvae fed precocene II diminished as the 

larvae matured. 



Figure 22. Growth curve of last instar H. zea weighing 
100 mg when fed artificial diet containing 4 mM precocene 
ll. Vertical lines at each point represent the standard error 
of the mean. 
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Figure 23. Growth curve of last instar H. zea weighing 
200 mg when fed artificial diet containing 4 mM precocene 
II. Vertical lines at each point represent the standard error 
of the mean. 
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Figure 24. Growth curve of last instar H. zea weighing 
300 mg when fed artificial diet containing 4 mM precocene 
II. Vertical lines at each point represent the standard error 
of the mean. 
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Figure 25. Growth curve of last instar H. zea weighing 
400 mg when fed artificial diet containing 4 mM precocene 
ll. Vertical lines at each point represent the standard error 
of the mean. 
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Precocene-induced delays in the onset and reduction in the frequency of pupation 

Mean time to pupation was delayed significantly as the dietary concentration of 

precocene n was increased from 0 mM to 6 mM (Table 4).While the time to pupation 

was delayed, diet with 2 mM and 4 mM precocene n did not prevent pupation of the 

larvae. But less than half of the larvae became pupae when fed diet with 6 mm 

precocene n and pupation was completely prevented by feeding the larvae diet 

containing 8 mM precocene II. 

Age-dependent responses to topical treatment of precocene n were evaluated by 

segregating larvae into different weight categories as described above. Treatment of 

larvae with precocene n resulted in delays in the onset of pupation in all weight 

categories (Table 5). As the topical dose of precocene n was increased within each 

weight category, mean time to pupation increased. Larvae in the 100 mg category 

required the most time to become pupae (12 days). But the greatest increase in the mean 

time to pupation over control groups resulted from topical doses of 10.0 Jlg/mg or 7.5 

Jlg/mg precocene n applied to larvae with an initial weight of 400 mg (4.2 days delay) 

followed by similar doses applied to larvae with an initial weight of 300 mg (4.0 days 

delay), 100 mg (3.3 days delay), and 200 mg (1.9 days delay). Even the lowest dose 

of precocene n caused significant delays (P < 0.05) in the pupation of larvae in the 200 

mg and 300 mg weight categories. The number of larvae becoming pupae was the 

about the same for all groups in each weight category, except for the 10.0 Jlg/ mg 

groups in the 100 mg and the 7.5 Jlg/mg and 10.0 Jlg/mg in the 400 mg categories, 

which were slightly lower. 

Again, age-dependent responses of mean time to pupation for larvae fed diet 

containing 4 mM precocene n were the opposite of responses recorded for topical 

treatment (Table 5). Larvae fed precocene IT had an increased mean time to pupation 

over controls of 4.7 days in the 100 mg weight category, 3.7 days in the 200 mg 

weight category, 1.7 days in the 300 mg weight category, and 0.5 days in the 400 mg 

category. The decreased sensitivity of older larvae to precocene IT is also reflected in the 

number of larvae that became pupae. Only 40% of the larvae fed diet containing 4 mM 

precocene IT in the 100 mg weight category pupated. In the control group, 93% of the 

larvae became pupae. In the higher weight categories, there was no difference between 

control and treated groups in the number of larvae becoming pupae. 



Table 4. Delay in the onset and reduction in the frequency of pupation of H. zea when fed diet 
containing precocene n made to a fmal concentration of 0 mM, 2 mM, 4 mM, 6 mM or 8 mM. 

Meantime 
to pupation~~ 
(days) 

Percent 
pupation 

Sample 
size (n) 

o 

7.6±0.1 

97 

30 

precocene II concentration (mM) 

2 4 6 8 

1O.7±0.2 15.0±0.5 17.9±0.8 

97 1oo 47 o 

30 30 30 30 

* Mean time to pupation ( ± SEM ) for newly ecdysed last instar larvae. All pair-wise comparisons 
were significantly different (alpha = 0.01) as detennined by ~he Kruskal-Wallis test (Conover, 1980). 
Larvae in the 8 mM group were not included in the test. 

..... 
g 



Table S. Delay in the onset and reduction in the frequency of pupation of.!:h ~ when treated 
topically with varied amounts (~glmg initiai larval weight) of precocene II or fed diet containing 
precocene II made to a final concentration of 4 mM. Initial larval weight categories were varied from 
100mg to 400mg. 

Treatment 
with 

precocene II 

Topical 

Control 

2.S 

5.0 

7.S 

10.0 

Dietary 

Control 

4mM 

100 

Mean* 
time to % 
pupation Pupation 

B.7±O.2a 100 

9.6±O.4a 100 

9.3iO.2a 90 

11.S±O.6b 100 

12.0±0.9b 80 

B.SiO.3 93 

13.2±0.4 40 

initial larval weight (mg) 

200 300 400 
Mean Mean Mean 
time to % time to % time to % 
pupation Pupation pupation Pupation pupation Pupation 

B.2±O.4 100 7.1±O.1 100 6.8±O.3a 100 

B.9±O.3a 100 B.6iO.3 100 6.9±0.3a 100 

B.9iO.1 ab 100 10.9±0.4a 100 B.2±0.4 100 

9.SiO.2ab 100 10.7±O.6a 90 11.DiO.9b 70 

10.1±0.Sb 100 11.1±0.Sa 100 9.BiO.5b BO 

7.4±O.1 93 6.BiO.2 93 6.6±O.3 93 

11.1±0.3 100 B.S±O.3 100 7.1±0.3 93 

* Mean time to pupation (days ± SEM) for last instar larvae treated topically was analyzed by category 
(n '" 50 for each category) with the Kruskal-Wailis test (alpha - 0.01). Pair-wise comparisons 
within each category were made (alpha .. 0.05) and values with the same letter Indicate means (1'1 .. 10) 
that were not significantly different. Mean time to pupation ( days ± SEM) for dietary treatment was 
analyzed by category with the Wilcoxon test (alpha. O.OS) and all means (n • 1S) In each 4 mM group 
were significantly higher than their control (n = 1S) counterpart except the 400mg category. ..... 

o ..... 
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Precocene-induced reduction in the mean growth rate 

Larval mean growth rates for the three day period after ecdysis decreased 

significantly as the dietary concentration of precocene n was increased from 0 mM to 8 

mM (fable 6). Growth was almost completely prevented by feeding the larvae diet 

containing 8 mM precocene n. The EDso for growth rate after oral administration of 

precocene n was 4 mM for this series of experiments. 

Age-dependent responses of the larvae for a three day period (100 mg and 200 

mg categories) or a two day period (300 mg and 400 mg categories) to topical treatment 

of precocene n were evaluated by segregating larvae into different weight categories as 

before. Treatment of larvae with precocene n caused reductions in the growth rate in all 

weight categories (Table 7). As the topical dose of precocene n was increased within 

each weight category, growth rate decreased. Larvae in the 100 mg and 200 mg 

categories were least affected due to increases in the dose of precocene n; growth rate 

in these categories declined to 56.6% and 55.2% of the control group, respectively. 

Larvae in the 300 mg and 400 mg categories were most affected by increasing the dose 

of precocene n; growth rate in these categories declined to 38.7% and -11.9% of the 

control group, respectively. The EDso for growth rate in the l00mg and 200mg 

categories was about 10 J.1g!mg. The EDso for growth rate in the 300mg category was 

between 2.5 and 5.0 J.1g!mg while the EDso for growth rate in the 400mg category was 

less than 2.5 J.1g!mg. The absolute decrease in the growth rate, however, was about the 

same for each category. The difference in the growth rate of lowest and highest doses 

of precocene II was 30.6 mg x g-! x day-! for the 100 mg weight category, 23.2 mg x 

g-l x day-l for the 200 mg category, 24.9 mg x g-l x day-l for the 300 mg category, 

and 30.0 mg x g-! x day-! for the 400 mg category. Despite the consistent absolute 

decrease in the growth rate for all weight categories, the EDso for growth rate decreased 

from 10 J.1g to less than 2.5 J.1g. This was due to natural decrease in the growth rate as 

the larvae matured, evaluated by comparison of the controls in each weight category. 

Therefore, the small additional decrease in the growth rate to reach the EDso value 

required less precocene II. 

The age-dependent responses of mean growth rate for larvae fed diet containing 4 

mM precocene II were the opposite of responses recorded for topical treatment (Table 

7). The difference in the growth rate of control larvae and larvae fed precocene II 



Table 6. Mean growth rate of last instar H. zea larvae when fed diet containing precocene n made to a 
final concentration of 0 mM, 2 mM, 4 mM, 6 mM or 8 mM. 

Mean 
growth 
rate* 

Percent of 
control 

Sample 
size (n) 

o 

73.1 ± 1.5 

100 

30 

precocene II concentration (mM) 

2 4 6 8 

53.2± 1.2 33.9 ± 1.1 15.2 ± 1.5 6.2± 1.0 

72.8 46.4 20.8 8.5 

30 30 30 30 

* Growth rates (± SEM) are expressed as mg per g per day. Mean growth rates were analyzed with 
one factor ANOV A. All pair-wise comparisons were significantly different as detennined using 
Fisher's PLSD (alpha = 0.01). 

-o 
~ 



Table 7. Mean growth rate of last instar H. zea larvae treated topically with varied 
amounts (J1g/mg initial larval weight) of precocene II or fed diet containing precocene II 
made to a final concentration of 4 mM. Initial larval weight categories were varied from 
100mg to 400mg. 

Treatment 
with 100 

precocene II G. %of 
Control 

Topical 
Control 

2.5 

5.0 

7.5 

10.0 

Dietary 

70.5±O.5 100 

64.3±1.8a 91.2 

60.1±1.3a 85.3 

47.3±3.5b 67.1 

39.9±3.0b 56.6 

Control 72.6±1.5 100 

4 mM 17.9±2.0 24.7 

G 

Inilial larval weight (mg) 

200 300 

%of 
Control G 

%of 
Control 

51.8±2.2a 100 44.4±1.3a 100 

50.1±1.6a 96.7 36. 7±4.1 a 82.7 

45.2±1.7a 87.3 18.2±4.5b 41.0 

35.8±2.7b 69.1 17.2±4.7b 38.7 

28.6±4.1b 55.2 19.5±3.6b 43.9 

G 

400 

%of 
Control 

26.8±3.0a 100 

15.2±3.1ab 56.7 

9.6±4.0bc 35.8 

-3.2±3.8c -11.9 

6.5±3.5bc 24.3 

54.7±2.0 100 41.0±1.8 100 22.S±1.S 100 

61.3 23.2±2.2 42.4 21.7±O.9 52.9 13.8±1.6 

• Growth rates are expressed as mg per g per day for each larva. Mean growth rates ( ± SEM) 
for topical treatment were calculated for the first three days (100mg and 200mg categories) 

or first two days (300mg and 400mg categories) of the last stadium and analyzed by category 
with the Kruskal-Wallis test (alpha = 0.01). Pair-wise comparisons within each category were 

made (alpha = 0.01) and values with the same letter indicate means that were not significantly 
different. Mean growth rates ( ± SEM) for dietary treatment were analyzed by category with 
unpaired single tailed t-tests (alpha = 0.01) and all means in each 4 mM group were 
significantly lower than their control counterpart. -o 

~ 
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decreased with an increase in weight. Mean growth rate reductions from control, 

percent-wise, were 75.3% in the 100 mg weight category, 57.6% in the 200 mg weight 

category, 47.1 % in the 300 mg weight category, and 38.7% in the 400 mg category. 

The decreased sensitivity of older larvae to precocene n is also reflected in the absolute 

decrease in the growth rate. As larvae mature, the growth rate declines less. Smaller 

decreases in the growth rate may also be a result of the natural decrease in the growth 

rate of the larvae. 

In summary, as larvae matured, smaller doses of topically applied precocene IT 

were required to cause an EDso for growth rate, and percent differences between high 

and low doses increased. The absolute growth rate change, however, for varied doses 

of precocene n was the same for all weight categories. By contrast, differences in the 

growth rate between control larvae and larvae fed precocene n diminished as the larvae 

matured. The absolute growth rate also decreased. 

Excretion of precocene n 

All larvae given precocene IT applied topically excreted some of the compound 

without detoxication (Table 8). The mean amount of precocene n excreted (J.1g) 

increased with increasing larval weight. This reflects the increase in the amount applied 

because there was no increase in excretion of precocene n with an increase in larval 

weight when excretion was expressed in percent of the applied dose. Similarly, larvae 

given 10 Ilg/mg of precocene IT excreted more of the compound than larvae given lower 

doses. Larvae given 2.5 Ilg/mg precocene II, however, were able to excrete more of the 

applied dose than the larvae given higher doses (Table 8). Moreover, larvae given 2.5 

Ilg/mg precocene IT were able to excrete a greater proportion of the applied dose than 

the larvae given higher doses (Figure 26). 

Discussion 

Precocene n, applied topically or included in the diet, retarded the growth and 

development of H. zea larvae. Actively growing last instar larvae required more time to 

reach their maximum weight and had a lower maximum weight as the dietary 

concentration or topically applied amount of precocene n was increased. As a 

consequence of the inhibited growth, pupation was delayed or completely prevented. 



Table 8. Excretion of precocene II (PIT) from H. zea larvae during the first three days of the last 
stadium. Larvae were treated with doses ofprecocene II varied from 25 to 10.0 Ilg/mg larvae and 
initial larval weights were varied from l00mg to 400mg. 

Initial larval weight (mg) 

106 

Dose __ -=-=,...--___ -=~----___=~----_..,.,=_-- Mean* 
of 100 200 300 400 by 

precocene II _~=--~~ _~=---,-,~ dose 
(J.lg/mg) total PII % of total PII % of -to-tal-=-=P=II--:%=--of::- total PII % of 

excreted applied excreted applied excreted applied excreted applied 
(Ilg per dose {J.lg per dose {J.lg per dose (J.lg per dose 
larvae) larvae) larvae) larvae) 

2.5 

2.5 

5.0 

5.0 

7.5 

7.5 

10 

10 

Mean* 

24.5 

45.2 

22.0 

66.8 

by 39.6 
weight ±10.5 

EA** 57.0 
±17.2 

* Means ± SEM Cn = 4) 

28.6 163.8 

9.8 5.7 

57.0 169.7 

9.0 5.7 

37.8 91.3 

2.9 25 

104.2 192.3 

6.7 5.2 

7.1 56.9 4.8 154.3 
±1.6 ±16.9 ±O.8 ±21.9 

69.9 
±26.6 

134.3 
±37.2 

153.5 

21.8 

51.5 

11.3 

247.9 

4.1 

247.0 

6.4 

10.9 175.0 
±4.0 ±46.8 

160.3 
±45.5 

92.6 
±38.2 

15.4 13.2 
±3.5 

80.6 
±29.7 

2.6 7.2 
±1.9 

99.8 
±51.6 

8.3 45 
±1.3 

152.6 
±41.0 

6.2 6.1 

8.1 
±2.7 

±O.3 

** Mean excretion rate of allelochemical for precocene II is expressed as Ilg per g per day (n = 4). Even 
though precocene found in the feces on the third day was included in the mean by weight category. EA 
for the 300mg and 400mg groups was calculated for 2 days only thereby making growth rate and 
excretion rate of allelochemical comparable. There was no singnificant difference among means for EA 
as determined by the Kruskal-Wallis test (alpha = 0.05). 



Figure 26. Excretion of precocene II during the last instar 
of H. zea topically treated with precocene II. Vertical lines 
at each point represent the standard error of the mean. 



107 

15 

~ 2.5 Ilg/mg 

• 5.0 Ilg/mg 

a 7.S Ilg/mg 

0 10 Ilglmg 

10 
r.:I 
CI) 

0 
Q 
~ 
0 
E-c 
Z 
r.:I 
U 

== r.:I 
=-

5 

O~--~--~~--~--~ __ ~~ __ ~ __ ~ __ ~ 
o 2 3 4 

DAYS AFTER TREATMENT 



108 

The precocene-induced mortality in last instar larvae from the highest orally applied 

dose is consistent with the toxicity of the compound to early instar H. zea (Wisdom et 

al., 1983) and to other insects (Chenevert et al., 1980; Farag and Varjas, 1981; 

Feyereisen et aI., 1981; McCaffery and McDowell, 1987; Mackauer et al., 1979; 

Pederson, 1978; Pener et al., 1978, 1981; Santha and Nair, 1986; Unnithan et al., 
1980; Unnithan and Nair, 1979). No precocious metamorphosis or other 

morphological changes were observed in last instar H. zea. 

Newly ecdysed last instar H. zea presented diet containing precocene II began 

feeding immediately. The larvae never completely avoided the diet but less food was 

consumed as the dietary concentration of precocene II was increased. Food 

consumption and growth are correlated (see Chapter 5) so the delayed growth might 

have resulted from reduced food intake. Since H. zea larvae nonnally spend the 

greatest proportion of their life in the last stadium and more than 29% of the last 

stadium is spent in feeding bouts (Alder and Alder, 1988), the amount of time actually 

spent feeding on diet containing precocene II might be reduced as compared to controls. 

The larvae could need additional time for the detoxication andlor excretion of precocene 

II. The proportion of time H. zea larvae spend in feeding bouts when exposed to diet 

with precocene II is unknown. 

Precocene II also inhibited the feeding and growth of Pyrrhocoris and Dysdercus 

(Slama, 1978). Food consumption by the bug Rhodnius prolixus diminished when the 

amount of precocene II in the blood meal or artificial diet was increased. The 

antifeedant effect ofprecocene II could not be entirely explained by the animal's 

distaste. Precocene II probably did not block the taste receptors sensitive to 

phagostimulants because inhibition of feeding could not be reversed by addition of the 

phagostimulant, A TP (Azambuja et aI., 1982). While the authors realized that 

precocene II could stimulate deterrent receptor cells, they thought another likely 

explanation was post-ingestive intoxication resulting in lower food consumption and 

growth. Similarly, in last instar H. zea larvae, growth rates were reduced after both 

oral and topical treatment with precocene II. Since the detoxication site in H. zea, for 

topically applied precocene II, is the midgut (Haunerland and Bowers, 1985), there is 

probably a similar location for the detoxication of ingested precocene II. Furthermore, 

the ED50 for growth rate of H. zea by oral administration was 4 mM precocene II 

while the ED50 of topical application to similar larvae was 10 Ilg precocene II/mg body 

mass. Identical reductions in the growth rate of last instar H. zea larvae, either from 
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topical application of precocene n or feeding precocene n, indicates that the effect of 

dietary precocene n on H. zea must have a post-ingestive intoxication component 

Precocene n could alter the biochemistry of the gut or destroy the integrity of the 

gut epithelia resulting in reduced transport of nutrients or the premature death of gut 

cells. Many plant natural products are known to affect digestion (Reese, 1977). Cotton 

condensed tannins, for instance, inhibited the growth of Heliothis virescens ; 

complexing the tannin to casein or polyamide did not remove the biological activity 

(Chan et al., 1978). The complexes may be too bulky to get absorbed and block 

receptor sites on the microvillar membrane of the midgut The amino acid L-canavanine 

from the jack bean Canavalia ensiformis is incorporated into newly synthesized proteins 

in place of arginine (Rosenthal, 1986). The altered physiochemical properties of a 

protein containing L-canavanine may disrupt the metabolic function of that protein 

(Rosenthal, 1977). Cytotoxicity resulting from treatment with precocene n occurs after 

the formation of a bioactive intermediate (Brooks et al., 1985). Precocene n 
metabolized by monoxygenase enzymes to a highly labile epoxide may then alkylate cell 

macromolecules (Aizawa et a/., 1985; Bowers et al., 1982, 1983). Selective destruction 

of corpora allata cells by precocene n abolishes juvenile hOImone production and 

results in the insect's precocious metamorphosis to the adult (Bowers et a/., 1982). 
Similarly, alkylation of precocene n to gut cell structures in H. zea larvae might lead to 

the death of gut cells. Alternatively, live gut cells might sacrifice nutrient transport and 

digestive metabolism to eliminate structures bound by precocene n, thereby 

suppressing the growth and development of the larvae. The effects of precocene II on 

the midgut epithelia and digestion of H. zea larvae are presented in Chapter 5. 

As last instar H. zea larvae aged, they became less sensitive to sublethal doses of 

precocene n in the diet. Weight reduction, delay in pupation, and percent decreases in 

growth rate were lower if the larvae were older. Older larvae were usually already near 

or past the critical weight of 340-350 mg for pupation, grew less, and required less 

food when they approached pupation. This probably reflects a change in the larvae's 

morphology and metabolism with age. Indeed, the midgut of prepupal H. zea atrophy 

to a small sac. Since there is a complete reorganization of the gut for the new imago, 

these vestigial midgut cells must lose metabolic efficiency and eventually are replaced 

by new adult midgut tissue. A loss in the metabolic activity of the midgut tissue as the 

larvae age would result in lower detoxication rates of ingested xenobiotics such as 

precocene II. Metabolism of xenobiotics by midgut monoxygenase enzymes was 
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lower in prepupae than in feeding last instar larvae of the southern armyworm 

Spodoptera eridania (Krieger and WJ.lkinson, 1969) and the tobacco hornworm 

Manduca sexta (Tate et at., 1982). Another change in H. zea is the formation of a new 

type of fat body, non-synthesizing storage tissue, which enlarges and dominates the 

last instar hemocoel (Haunerland and Bowers, 1987). Biosynthetic mechanisms have 

changed in the last instar, leading to the formation of new proteins (Haunerland and 

Bowers, 1986b, 1986c), directed to the new fat body tissue. The morphological and 

biochemical reorganization of older H. zea larvae might make the animals less sensitive 

to ingested xenobiotics and the compounds may pass through the digestive system 

unaltered. 

Topically applied precocene IT rapidly penetrated the cuticle of last instar H. zea 
and was transported to the midgut; 90% of the dose was detoxicated by midgut 

mixed-function oxidases after 20 hours (Haunerland and Bowers, 1985). The 

remainder might have been bound to lipophorin or arylphorin (Haunerland and 

Bowers, 1986a, 1987) or excreted unaltered. Uptake of a single topically applied dose 

of precocene II by Spodoptera exempta was similar to the uptake of precocene IT by H. 

zea. But precocene II affected the development of S. exempta by reducing the time to 

pupation (McCaffery and McDowell, 1987). In last instar S. mauritia, a single dose of 

80 Jlg precocene II or daily doses of 40 Ilg delayed time to pupation (Sam Mathai and 

Nair, 1983, 1984). Moreover, multiple doses ofprecocene IT induced precocious adult 

differentiati.on of mouthparts, wings, eyes, legs, and fat body (Sam Mathai and Nair, . 

1984). While 80 Ilg precocene IT delayed the time to pupation of all S. mauritia larvae, 

those treated at mid-stadium were least affected by the compound (Santha and Nair, 

1986). Last instar H. zea larvae, however, were more sensitive to sublethal doses of 

topically applied precocene IT as they grew older. Weight reduction, delay in pupation, 

and percent decreases in growth rate were higher if older larvae were treated. The 

increased sensitivity to precocene IT might result from a shift in the detoxication from 

metabolically less active midgut tissue to more active peripheral tissues. Precocene IT 

was metabolized, in vitro, by fat body tissue in last instar H. zea (Haunerland and 

Bowers, 1985). 

Unmetabolized precocene IT remains in the animal for long periods and may affect 

a variety of tissues. Some of the unaltered compound was excreted into the feces by all 

last instar H. zea larvae three days following a single topical dose and younger larvae 

excreted precocene II for as long as 5 days (data not presented). Haunerland and 
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Bowers (1985) showed that about 90% of the applied dose of precocene II was 

metabolized in vivo or in vitro by last instar H. zea. In the present study, larger older 

larvae excreted more precocene II during the three day period but excretion, measured 

as the percent of the applied dose, was about 10% for all age groups. Because larger 

larvae received larger quantities of precocene II, passive or carrier-mediated diffusion 

across midgut tissue could account for the increase in excretion. More rapid excretion 

of the lowest dose of precocene II (2.5 J.1g/mg animal weight) as compared to the higher 

doses indicates that transport efficiency is lost as the dose of precocene II was 

increased. Loss of efficiency means that precocene II also may be actively excreted. 

Regardless of the mode of excretion, topically applied precocene II remains in H. 

zea larvae for days and may be subject to metabolism by mixed-function oxidases in 

tissues other than the midgut during the last instar. The principle site of action for 

topically treated precocene II is the midgut mixed-function oxidases (Haunerland and 

Bowers, 1985). Similarly, midgut tissue is the principle site of detoxication for many 

ingested plant compounds (yu, 1986; Krieger et aI., 1971) and orally treated precocene 

II is probably also detoxicated by midgut mixed-function oxidases. Some precocene II 

molecules probably get activated by the enzymes and alkyl ate cell structures, damaging 

midgut cell function. These enzymes may be associated with honnonal control and 

development in some insects (Feyereisen and Durst, 1980; Smith et aI., 1983; Yu and 

Terriere, 1974). The interactions in insects of midgut mixed-function oxidases, 

honnone titers, feeding activity, and development is complex (Feyereisen and 

Farnsworth, 1985). A more through understanding of the midgut's role in the growth, 

development, and excretion of H. zea larvae would help efforts to control this 

destructive pest. 
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CHAPTER FIVE 

PRECOCENE II-INDUCED CHANGES IN THE NUTRITIONAL PHYSIOLOGY 

AND MIDGUT TRANSPORT OF 14C LINOLEIC ACID IN LAST INST AR 

HEUOTHIS ZEA 

Introduction 

Immature insects must absorb and efficiently assimilate nutrients to progress 

through metamorphosis. Larvae deprived of adequate amounts of nutrients (Dadd, 

1985; Vanderzant, 1968) or fed suboptimal diet (Waldbauer et al., 1984) do not 

become adults. Moreover, the problem of acquiring enough nutrients, at least for 

phytophagous insects, is exacerbated by plant products that reduce nutrient availability, 

alter digestive function, or act as toxins (Reese, 1977). 

These plant constituents interrupt insect digestion, growth, and development in a 

variety of ways. Protease inhibitors found in plants, for instance, affect the digestion 

of ingested plant material by binding, with high affmity, at or near the active site of the 

enzyme (Applebaum, 1985). The plant proteins are not metabolized, thus reducing the 

nutritive value of the plant. Inhibition of growth and development in the tobacco 

homworm Manduca sexta occurs because of dietary L-canavanine (Dahlman and 

Rosenthal, 1975). This non-protein amino acid, from the jack bean Canavalia 

ensiformis, is incorporated into newly synthesized proteins, in place of arginine, and 

alters a protein's secondary and tertiary conformation, resulting in reduced activity or 

function of the protein (Rosenthal, 1977). 

Artificial diet with the phenolic or steroidal natural products of tomatoes inhibited 

the growth and development of the fruitworm, H. zea (lsman and Duffy, 1982). 

Similarly, the heteroaromatic phytochemical, precocene II, known to cause the 

precocious metamorphosis in O.jasciatus (Bowers, 1985), inhibited the growth of 

early instar (Wisdom et at., 1983) and last instar H. zea eCho 4). Since precocene II is 

metabolized in the gut of H. zea (Haunerland and Bowers, 1985), post-ingestive 

intoxication from excessive precocene II also may alter digestion, absorption, and 

transport of nutrients by midgut. 

Inhibition of the digestive and growth processes, due to phytochemicals, can be 

assessed by following the in vivo nutritional physiology, absorption, and transport of 
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nutrients in the insect. An index of the insect's ability to convert nutrients to body 

substance is calculated from the amount of food consumed, weight gained, and fecal 

deposition during a specified growth period (Gordon, 1972). The amount of absorption 

and transport by gut tissue of specific nutrients is made by determining the fate of 

radiolabeled samples of the nutrient. Assimilation of lipids, for instance, by the midgut 

epithelia occurs after the complete hydrolysis of triacylglycerols to free fatty acid. Free 

fatty acid is then rapidly absorbed by the midgut epithelia, converted to diacylglycerols, 

and transported to the fat body by lipophorin (Chino and Downer, 1979; Turunen, 

1985; Tsuchida and Wells, 1988). Increased or decreased assimilation of lipids reflect 

modifications in the function of midgut In this study, changes in the nutritional 

physiology of last instar H. zea larvae fed diet containing precocene II indicated 

post-ingestive intoxication. Destruction of midgut function was confirmed by following 

the absorption and transport of 14C linoleic acid Moreover, cellular changes in the 

midgut epithelia was observed directly by scanning electron microscopy. 

Materjals and Methods 

Larval nutritional physiology 

H. zea larvae were reared as described in Ch. 4. Normal larvae require 7.6± 0.1 

days to pupate and reach a maximal weight of approximately 650 mg 3 days after 

ecdysis (Ch. 4). Larvae begin wandering within one day of the time they reach their 

maximal body weight and lose up to 50% of their body weight prior to pupation. 

Therefore, the initial 3 day feeding period was used to determine the feeding and 

nutritional performance of each larva, that time prior to weight loss and pupation. 

Three biological factors were measured during the feeding period for the 

subsequent calculation of the nutritional physiology of each animal: 1) the dry weight 

gain of the larva, 2) the dry weight of the food consumed, and 3) the dry weight of the 

feces produced. Newly ecdysed larvae were weighed and placed in an aluminum foil 

cylinder containing a preweighed portion of nonnal or experimental diet Each can was 

sealed in a scintillation vial with 5-10 drops of water to prevent desiccation. After the 

three day experimental period, the can was disassembled. The larvae were weighed, 

sacrificed, dried at 100°C for 24 hours, and reweighed. The uneaten diet was removed, 

weighed, dried as above, and reweighed. The feces and can were weighed, dried, and 
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reweighed. The dry weight of the feces was calculated by subtracting the weight of the 

can. The initial dry weight of the larva was detennined indirectly by calculating the 

arithmetic product of a predetennined dry/wet larval ratio and the wet weight of the 

newly ecdysed larva. Similarly, the initial dry diet weight was calculated from the 

predetermined dry/wet ratio of the diet and the fresh weight of the diet. 

The nutritional rates as outlined by Gordon (1968, 1972) were computed from the 

gravimetric measurements as follows: 

1) F = Food consumption rate 

Where: ~ = dry weight 

of food consumed during 

the feeding period (mg) 

2) G = Growth rate 

where: .6.G = dry weight 

gain of the insect during 

the feeding period (mg) 

3) S = Excretion rate 

where: .6.S = dry weight of 

the feces produced during 

the feeding period (mg) 

4) 0 = Respiration rate 

where: weight loss is 

through metabolic oxidation 

5) A = Assimilation rate 

(F) = .6.F/ \We x t) 

(G) = .6.G/ \We X t) 

(S) = .6.S/ \We X t) 

(0) = ({.6.F-.6.S}-.6.G/ \We X t) 

(A) = (.6.F-.6.S)/ (We X t) 

All rates were expressed in mg x g-l x day-I. The dry weight nutritional parameters 

were computed using the dry exponential mean weight which gives a more accurate 

uescription of actively growing last instar lepidoptera larvae (Gordon, 1972) as 

follows: 



We = Exponential mean weight 

of the insect during the 

feeding period where: 

I.::.. W = insect dry weight change during the feeding period, 

W f = fmal dry insect weight, Wi = initial dry insect weight, df = fmal dry/wet 

insect ratio, 

dj = initial dry/wet insect ratio, t = feeding period (3 days) 

The quantitative nutritional indices after Waldbauer (1968) also were computed as 

follows:. 

Efficiency of conversion 

of ingested food to body 

substance (ECl) 

Efficiency of conversion 

of digested food to body 

substance (ECD) 

Approximate digestibility 

(Eel) = (GIF) x 100 

(ECD) = (I.::..G/{I.::..F-I.::..S}) x 100 

(AD) = ({I.::..F-I.::..S}/I.::..F) x 100 

The values were expressed as percent efficiency of food utilization. A group of 39 

insects was used for each treatment. 
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Because larvae consume large amounts of food during the last instar, their growth 

could approximate that amount of food eaten and kept in the gut. Therefore, the 

regression of the dry weight of food consumed vs. the dry weight gain was made for 

each experimental group. Additionally, 100 normal larvae, at various times during the 

fIrst three days of the last instar, were weighed, sacrificed, and the excised alimentary 

tract weighed. Dry gut weight and contents were expressed as the percent of the total 

dry weight of the larvae. 
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The absorption and transport of [1_14C] linoleic acid. 

Third day, last instar H. zea larvae, fed nonnal diet or diet containing precocene II 

made to a final concentration of 4 mM, were starved for four hours. The larvae were 

then presented with a small aliquot of diet (0.1 x 0.1 x 0.1 cm) containing 0.2 J.1Ci of 

[l_14C] linoleic acid (Amersham Corporation, Arlington Heights, Dlinois). The larvae 

rapidly consumed the diet and were returned to their respective normal or precocene IT 

treated diet Larvae requiring more than ten minutes to consume the tracer-laced diet 

were discarded. Analyses of larval tissues were made after 0, 0.5, 1, 2, and 4 hours. 

Hemolymph was collected by puncturing a proleg with an insect pin and drawing the 

drop of blood into a microcapillary tube (Drummond Company, Broomall, 

Pennsylvania). Next, a mid-ventral incision of the cuticle was made. The hemocoel was 

rinsed with 20-30 J.11 of PBS (phosphate buffered saline: 125 mM NaCl, 20 mM 

phosphate buffer, pH= 7.4) and included with the hemolymph sample. The midgut was 

excised, and the entire midgut contents, including the peritrophic membrane, was 

pulled from one opening. The midgut contents and a rinse of the midgut lumen were 

combined. The midgut tissue was rinsed thoroughly and the rinse discarded. Fat body 

tissue was gently removed and combined with a rinse of the remaining cuticle. Lipids 

were extracted from all samples by the method of Bligh and Dyer (1959). The samples 

(Le. chlorofonn layer) were evaporated in a 20 ml scintillation vial, 10 ml of ACS 

scintillation cocktail (Amersham Corporation, Arlington Heights, Dlinois) added, and 

counts per minute were determined on a Beckman model LS 7000. Disintegrations per 

minute (DPM) were calculated after counting efficiency was determined with a standard 

quench curve. The mean DPM and standard error of the mean of at least 4 separate 

determinations were presented for each sample. 

Scanning electron microscopy of the midgut epithelia. 

Larvae at 2 days post-ecdysis were fed an aliquot of nonnal diet or diet containing 

IJ.1g precocene II (the amount larvae eat after approximately twenty minutes on diet 

incorporating either 2 or 4 mM precocene ll). Some larvae were starved. After 24 

hours, all larvae were sacrificed, midguts removed, and immediately fixed in buffered 

4: 1, formaldehyde: glutaraldehyde. The mid guts, lumen side exposed, were processed 

through a standard EtOH, Freon, carbon dioxide dehydration series, critical point dried 
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from liquid carbon dioxide, coated with gold (Postek et al. 1980). Scanning electron 

micrographs were taken of areas representative of the condition of the midgut. At least 

two replicates were made of each treatment. 

Resylts 

Nutritional physiology 

Distinct changes occurred in the nutritional physiology of last instar H. zea larvae 

fed diet with precocene II as compared to their control counterparts (Table 9). The 

growth rate declined with increases in the dietary concentration of precocene IT but the 

rate of food consumption was not different among the groups. Excretion was the same 

for the control and the 2 mM precocene II groups and increased significantly in the 

group fed 4 mM precocene II. Notably, respiration nearly doubled when the dietary 

concentration ofprecocene II was increased to 4 mM. By contrast, both the rate of 

assimilation and the approximate digestibility were somewhat lower because of the 

increased levels of precocene IT. The efficiency of conversion of ingested food to body 

substance and the efficiency of conversion of digested food to body substance, 

however, were much lower in the groups fed precocene II. 

Food consumption and weight gain were linearly correlated for the control group 

(Figure 27) and the group fed diet with 2 mM precocene II. The 4 mM group, 

however, was more disjunct and had more outliers. As a consequence, food 

consumption and weight gain were not well correlated for the group fed 4 mM 

precocene II. The combined effect of food consumption and weight gain are indicated 

by the relative position of the group on the food consumption vs. weight gain plot. 

Control larvae ate more food and gained more weigh4 therefore, their position is at the 

upper right of the plot. Larvae fed diet with 2 mM precocene II have an intermediate 

position while larvae fed the highest level of precocene IT ate and gained the least 

weight, indicated by their position at the lower left part of the plot. Diet consumed and 

weight gain ratios, indicated by the slope of the regression line, were identical for the 

control and the 2 mM groups, and while the slope of the regression line for the 4 mM 

group was slightly lower it was probably not significantly different (not tested). 

Over the three day observation period, larvae fed diet with either 2 mM or 4 mM 

precocene II consumed about the same amount of compound. A total of 440 mg (2 



Table 9. The effect of precocene n (pm on the nutritional physiology of last instar H. zea .. 

Treatment Nutritional Parameter (mg/g x day ± SEM) 
(mMpm 

G* F A 0 S AD ECI ECD 

Controlt 61.3a 150.8 97.1a 35.8a 53.7 64.3a 4O.6a 63.3a 
(1.3) (2.9) (2.2) (1.2) (1.2) (5.3) (4.1) (6.9) 

2 45.4b 141.3 88.0b 42.6a 53.3 62.3 32.8b 52.8b 
(0.8) (3.9) (2.6) (2.8) (1.7) (6.5) (8.8) (13.8) 

4 23.3c 161.7 83.2 59.9b 78.5 56.5b 11.7c 19.9c 
(1.0) (7.7) (4.1) (41.0) (39.6) (22.9) (17.7) (27.9) 

* G = rate of growth, F = rate of feeding, A = rate of food assimilation, 0 = rate of 
respiration, S = rate of excretion, AD = percent approximate digestibility, ECI = percent 
efficiency of conversion of ingested food to body substance, ECD = percent efficiency of 
conversion of digested food to body substance. 

t The nutritional physiology was analyzed by parameter with the Kruskal-Wallis test (alpha 
= 0.01). Pair-wise comparisons were made and values with the same letter or no letter 
indicate means (n = 39) that are not significantly different (Conover, 1980). 
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Figure 27. Correlation of food consumption and weight gain in last 

instar H. zea larvae fed diet containing precocene II. Each group 

was measured over the fIrst 3 days of the last stadium (n = 39): A) 

larvae fed normal diet, B) larvae fed diet with Precocene II made to 

a final concentration of 2 mM, C) larvae fed diet with Precocene II 

made to a fInal concentration of 4 mM. 
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mM) or 880 mg (4 mM) of precocene II was added to a liter of diet. Assuming that a ml 

of diet weighed one gram and the dry content was 15%, a liter of 2 mM diet would 

contain 440 Ilg precocene 1I/150 mg dry diet and 4 mM diet would contain 880 Ilg 

precocene ll/150 mg dry diet Larvae consuming 75 mg of dry diet (calculated) 

containing 2 mM precocene II would have eaten 220 Ilg of the compound while larvae 

consuming 40 mg of dry diet with 4 mM precocene II would have eaten 235 Ilg of 

precocene II (Figure 27). Therefore, both groups consumed precocene II at the rate of 3 

Ilg per hour. The digestive system probably can tolerate only a certain level of 

precocene II and the total amount of food consumed., assimilated, and converted to 

body mass is dictated by the amount of precocene II in the diet. 

An increase in the overall weight of a larva cannot be attributed to the increase in 

the food consumption alone. Older larger larvae consumed more food resulting in a 

higher absolute midgut weight But the contribution of the gut to the total body weight, 

if measured as percent of the body weight, actually declined as the larva grew in size 

and weight (Figure 28). The relationship is well correlated indicating that larvae are 

accumulating body mass. 

The absorption and transport of [1_14C] linoleic acid. 

Larvae consumed the entire diet sample with tracer within ten minutes. For both 

the control and the 4 mM group, label rapidly disappeared from the gut contents and 

was taken up by the midgut epithelia (Figure 29). By one hour post-treatment, about 

50% of the administered label was present in the gut cells of either the control larvae or 

the larvae treated with precocene II. Similarly, there was an immediate increase of label 

in the hemolymph with the highest tracer levels occurring after 1-2 hours. During the 

hours when hemolymph tracer levels peaked., however, the larvae fed precocene II 

contained about half as much label in the hemolymph as compared to the control larvae. 

Moreover, the amount of label detected in the fat body was much lower in animals fed 

precocene II as compared to the control animals. At the end of the experiment control 

larvae contained most of the label in the fat body with smaller amounts in the gut, 

hemolymph, and gut contents. By contrast, larvae fed precocene II still had most of the 

label in the gut epithelia with smaller amounts in the fat body, hemolymph, and gut 

contents. 



Figure 28. Correlation of gut weight, measured as a percent of the 

total body weight, and body weight of last instar H. zea larvae (n = 

100). 
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Figure 29. The absorption and transport of [l_14C] linoleic acid fed 

to last instar H. zea larvae. Distribution of total radioactivity among 

gut contents, gut tissue, hemolymph, and fat body as function of 

time after treatment: A) larvae fed normal diet, B) larvae fed diet 

with Precocene II made to a fmal concentration of 4 rnM. Each 

point is the mean (± SEM) of at least 4 separate determinations. 
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Scanning electron microscopy of midgut epithelia 

Scanning electron micrographs of last instar H. zea midgut tissue (figure 30) 

show that there were differences in the cells after ingestion of precocene II. The midgut 

tissue of contrullarvae was characterized by a layer of densely packed microvilli with 

narrow gaps between each cell. All cells were evenly distributed; most cells had four to 

six neighboring cells. On top of the microvilli was a diffuse network of glycocalyx. 

The midgut of larvae starved for 24 hours was similar to control larvae except each cell 

had long sinuous microvilli projecting from the surface. Each cell was clearly 

distinguishable from its neighbors because the entire luminal surface was devoid of the 

glycocalyx. In contrast, midguts of larvae fed precocene II had irregular-shaped and 

often abnonnal appearing cells. Many cells bulged into the lumen resulting in a 

convoluted surface. Moreover, clusters of cells had bald areas where the microvilli may 

have been reabsorbed or lost. Again, the glycocalyx was absent revealing the aberrant 

clusters of cells. 

Discussion 

Dietary precocene II depressed the growth rate of last instar H. zea larvae. As a 

consequence, larvae required more time to pupate and eclose to the adult (Ch. 4). 

Precocene II incorporated in the diet also reduced the amount of artificial diet consumed 

by the bug, Rhodnius prolixus (Azambuja et al., 1982). The abnormalities in the 

growth of H. zea larvae, after oral doses of precocene II, were not the result of reduced 

food consumption. While control larvae consumed more food than the larvae fed diet 

with precocene II, there was no difference among the larvae if the food consumption 

was compared on a per-gram-of-Iarvae basis (Table 1). Therefore, another nutritional 

parameter or combination of parameters must be responsible for the reduced growth of 

H.zea. 
Larvae fed precocene II did not convert nutrients to biomass as readily as control 

larvae. But the approximate digestibility was only 12% lower for larvae fed the highest 

dose of precocene II. Larvae that could not digest the food would be expected to have a 

higher rate of excretion. Excretion was not significantly different for all groups. The 

rate of respiration of larvae treated with 4 mM precocene II, however, was nearly twice 

the rate of respiration of control larvae. Therefore, an increased rate of respiration 



Figure 30. Scanning electron micrographs of the midgut (lumen

side) of last instar H. zea larvae starved or fed precocene II: A) 

larvae fed nonnal diet, B) larvae starved for 24 hours, C) 24 hours 

after larvae consumed diet containing I J.1g Precocene IT; mv, 

microvilli; gc, glycocalyx. Bar = 10 J.1m. 





must be the result of the lack of conversion of ingested and digested food to body 

substance. 
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An increase in the respiration could, in part, reflect the increased detoxication of 

precocene IT. This compound is rapidly transported to the gut of H. zea larvae and 

metabolized primarily to the cis and trans diol by microsomal mixed-function oxidases 

(Haunerland and Bowers, 1985). Moreover, the increased energy demand of the 

mixed-function oxidases might divert energy (A TP) from the enzymes that convert 

sugars, fatty acids, and amino acids into complex carbohydrates, lipids, and proteins. 

These building block molecules would then be readily available as energy- providing 

precursors, thereby driving the mixed function oxidases. 

To determine if changes in the biochemistry of the midgut tissue could explain the 

reductions in growth, reductions in the efficiency of conversion of ingested and 

digested food, and increased respiration, the absorption and transport of 14C linoleic 

acid were followed. Typically, in lepidoptera, fats in the form of triacylglycerols are 

converted to their respective free fatty acids in the gut lumen prior to absorption by the 

midgut epithelia (Chino and Downer, 1979; Turunen, 1985; Tsuchida and Wells, 

1988). The gut cells convert the free fatty acid to a diaclglycerol which is released by 

the gut tissue and transported by lipophorin to the fat body. In this study, the initial 

hydrolysis of triacylglycerol was eliminated by feeding the larva the free fatty acid, 14C 

linoleic acid. The administered dose of 14C linoleic acid was rapidly absorbed by the 

midgut cells of both control and treated larvae. In the control larvae, i4C linoleic acid in 

the gut epithelia steadily declined after 1 hour. During the same period, the tracer, 

presumably in the form of diacylglycerol, began appearing in the fat body and steadily 

increased over the duration of the experiment Apparently, the fatty acid is incorporated 

into diacylglycerol and assimilated in the fat body without modification, as suggested 

by Stanley-Samuelson (1988). In the larvae treated with precocene IT, about the same 

amount of 14C linoleic acid was absorbed by the midgut cells as the control larvae, but 

the diacylglycerol was not released as readily. At the end of the experiment, 14C in the 

gut cells of treated animals remained high, indicating that diacylglycerol was not leaving 

the cell. Furthermore, low levels of tracer were detected in the hemolymph. And the fat 

body of treated larvae had accumulated only about half of the diacylglycerol as their 

control counterparts. Low rates of diacylglycerol transport associated with high rates of 

respiration suggest that the administered 14C linoleic acid may be metabolized in the 

gut. If linoleic acid entered midgut cell mitochondria, via camitine acyltransferase, it 
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would be committed to oxidation (Downer, 1985). Even partial metabolism of the fatty 

acid by the mitochondrial matrix enzymes would remove the 14C since the label is on 

the carbonyl moiety of the fatty acid Acetyl-CoA fonned from the first round of 

B-oxidation of linoleic acid would enter the citric acid cycle; the 14C eventually would 

get decarboxylated in the citric acid cycle and the 14C02 fonned probably would be 

released from the tracheae. A TP, thus generated from the oxidation of linoleic acid and 

other fatty acids, could be used as an energy source for the detoxication of precocene II 

and repair of cell structures destroyed by the alkylation by precocene II. 

Large oral doses of precocene II also may cause irreparable damage to the midgut 

cells. The midgut cells of treated larvae were radically different in appearance than the 

midgut cells of normal animals or starved animals. Many cells were completely 

denuded of their microvilli and these damaged or dying midgut cells might impair the 

overall function of the midgut epithelia. A midgut with a substantial proportion of 

dysfunctional cells would account for the decreased transport of diacylglycerols, the 

lower efficiency of conversion of nutrients to body substance, and the reduced rate of 

growth of H. zea larvae. The increased rate of respiration and the unchanged absorption 

of 14C linoleic acid, however, would not be expected of epithelia with damaged cells. 

But the midgut epithelia of H. zea is composed primarily of columnar and goblet cells 

(Che et al., 1975), which are known to have different functions (Dow, 1986), so 

perhaps there is also a division of absorption, respiration, and transport between the 

cell types. If so, precocene II might selectively damage one cell type leaving the other 

cell type intact and functional. Alternatively, damaged midgut cells might get sloughed 

off the epithelia, replaced by regenerative cells (Che et at., 1975). 

Precocene II absorbed into midgut cells also could inhibit certain metabolic 

pathways, increase the release of juvenile hormone, or prevent the production of 

ecdysone, thus delaying metamorphosis. The metamorphosis of H. zea larvae fed diet 

with precocene II was delayed until they reached a critical weight of 330-350 mg. Some 

plant natural products are known to control the changes in an insect's tissue 

differentiation. For instance, the amount of tannin in the diet of the caterpillar, Nemoria 
arizonica, detennines the type ofmorph (Greene, 1989). Caterpillars reared on oak 

leaves, which have high levels of tannin, became morphs resembling oak twigs. 

Caterpillars reared on catkins, which have low levels of tannin, developed into morphs 

resembling catkins. Artificial diet with high or low levels of tannin was given to the 

caterpillars, in a laboratory setting, with the same outcome. These results suggest that a 
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CHAPTER SIX 

SUMMARY 

The present study outlined a method to discover insect-active chemicals from plants 

followed with experiments on the biological effects of the compounds on selected insects. 

Plant families from Arizona with high potential for the discovery of new phytochemicals, 

active against insects, were identified. Forty-four species from twenty-one of the identified 

families were collected, extracted, and tested on the large milkweed bug, Oncopeltus 

fasciatus. The plant survey procedure was cost-effective, rapid, and sensitive so a variety 

of phytochemicals with biological activity against insects were detected. Arid regions of 

Arizona were used to implement the survey and demonstrate that desert plants have 

numerous, undescribed, and important phytochemicals. The most significant discovery 

made in this survey is the new insect growth regulators from plants in the genus Nama 

(Hydrophyllaceae). 

Initial interest in the genus Nama emerged as a result of the discovery of biological 

activity of crude extracts from N. hispidum, a plant native within the greater Tucson 

metropolitan area. The defensive chemicals caused fourth instar nymphs of the large 

milkweed bug, Oncopeltus jasciatus, to precociously mature to the adult, in the same way 

as described by Bowers et al. (1976). The compound was isolated and identified as 

precocene II, the same compound isolated by Bowers et al. (1976) from Ageratum. Six 

more species of Nama were collected from California, New Mexico, and Nevada. In 

addition, Professor Bowers collected N. jamaicense from the Dominican Republic, and Dr. 

Evangeline Funk collected N. sandwicense from Hawaii. N. rothrockii , from the Sierra 

Nevada in California, contains several compounds that cause nymphs of O.fasciatus to 

undergo a supernumerary instar. Furthermore, N. sandwicense also contains precocene IT 

and at least one compound that causes O.jasciatus to undergo a supernumerary molt This 

is the first discovery of a plant that contains both insect anti-honnone and juvenile hormone 

mimics. 

An apolar compound with juvenile hormone activity was isolated from N. rothrockii. 

Only 29 Ilg of biologically active material remained from the original 60 kg of fresh plant. 

With this amount, an attempt was made to determine the physical properties and functional 

group characteristics of the compound including: UV spectra, Fourier Transformed 

Infrared spectra (FTIR), Nuclear Magnetic Resonance (NMR), and Mass Spectra (MS). 
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While there was not enough material to allow a defInition of the molecular structure, certain 

key features of the compound are consistent when comparisons are made among the 

spectra Moreover, negative interpretation of the spectra (elimination of functional groups 

or covalent bond associations because they do not appear in the spectra) allowed us to 

narrow the range of phytochemicals to certain structural types. An a, B unsaturated 

carbonyl and a phenyl group are the most prominent functional groups in the molecule. 

Laboratory studies were made to determine the influence of the anti-hormone on the 

larvae of the com earworm, Heliothis zea. Artificial diet samples containing different 

amounts of Precocene IT were fed to last instar larvae. Also, topical treatments of the larvae 

with varied doses of Precocene IT were made for comparative evaluations. Larval growth 

and nutritional parameters were quantifIed and the transport of essential nutrients across 

midgut tissue was monitored. The experiments presented in this study suggested that 

precocene IT had a post-ingestive component in the growth inhibition of the larvae, also 

resulting in delayed development and reduced adult emergence. The disruption of the 

growth and development in H. zea may be due, in part, to the altered gut tissue, perhaps 

from the bioactivation and alkylation of precocene IT to gut cell structures. The morphology 

of midgut tissue from larvae fed diet with precocene IT was distinctly different from similar 

tissue of both control larvae and starved larvae. And the transport of nutrients from the gut 

to the fat body was reduced in larvae fed precocene IT. These treated larvae were able to 

convert little of the absorbed nutrients into body tissue. Coupled with the low assimilation 

of nutrients was an increased respiration. While the changes in the development and 

morphology of larvae exposed to non-lethal doses of precocene IT were well defmed, the 

biochemical mechanisms for the toxicity and the resulting modification in the nutritional 

biochemistry were not entirely clear. 
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