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ABSTRACf 

Three aromatic juvenoids (fenoxycarb, JH-286 and a new pyrazole analog) were 

evaluated for morphogenetic, chromotropic, morphometric and prothoracicotropic 

activities on the American grasshopper, Schistocerca americana (Drury), and compared 

their activities compared with those of commercial methoprene and synthetic JH-III. 

Fenoxycarb, the most active insect growth regulator examined, was found to induce a 

significant mortality in developing nymphs and caused severe morphogenetic damage 

during ecdysis to the adult. Juvenoid treatment was also observed to promote some 

overaged nymphs and to induce chromotropic changes in both the cuticle and hemolymph 

pigmentation. Except for a reduced larvicidal action, similar levels of activity were 

obtained when fenoxycarb was tested on the desert locust, Schistocerca gregaria 

(Forskal). 

The chromoproteins responsible for the green coloration characteristic of the 

hemolymph of S. americana and S. gregaria were isolated and characterized. Hemolymph 

from last instar nymphs and adults of S. americana was characterized by the presence of 

yellow lipophorin (Lp), a green chromoprotein (G-P), and two cyanoproteins (Cp-I and 

Cp-II). Treatment with fenoxycarb enhanced the concentration of the two cyanoproteins in 

nymphs and adults, and induced the appearance of a third cyanoprotein (Cp-F) in nymphs. 

Hemolymph from last instar nymphs of S. gregaria was characterized by the presence of 

yellow lipophorin (Lp) an two blue cyanoproteins (RCp and LCp), whereas only Lp and 

LCp were present in adults. Treatment with fenoxycarb increased the concentration of both 

cyanoproteins in nymphs, but only of LCp in adults. 

The non-steroidal ecdysone-agonist RH-5849 (l,2-dibenzoyl-l-tert-buthyl

hydrazine) was found to be an effective neuropoison when injected into S. americana. 

Treated grasshoppers became immediately hyperactive, followed by loss of coordination, 

paralysis and eventually death. We discovered that this insect growth regulator also 

induced bilateral autotomy of the methatoracic legs. However, no evidence of 



14 

ecdysonergic or morphogenetic activities were found. Synergism studies with neurotoxins 

of known mode of action suggested that RH-5849 has a mechanism of action similar to 

that of 4-amino pyridine, which blocks potassium channels. 



15 

CHAPTER 1 

INTRODUCTION 

Current strategies for locust contrQI 

Locusts are short-horned grasshoppers (Orthoptera: Acrididae), which exhibit two 

basic mOIphs or phases, gregaria and solitaria, characteristic of swarming and low density 

populations respectively. The alternation of plagues and recessions is a characteristic of all 

locust species (reviews in Uvarov, 1977; Steedman, 1990). During recession periods, 

locusts exist in a solitary phase and are confined to areas where they breed on a small 

scale. At irregular intervals, solitary locusts might be concentrated by wind convergence in 

certain especially favorable areas, where it has rained recently and there is abundant green 

vegetation for food and moist soil for oviposition. Following several generations of 

successful breeding, crowded popUlations may start to gregarize forming mobile units of 

immatures (hopper bands) and adults (swarms). If the build-up of gregarious phases 

continues for several successive seasons a locust plague results. Certain species, such as 

the red locust, Nomadacris septemjasciata, and the African migratory locust, Locusta 

migratoria, have clearly delimited outbreak areas. On the other hand, the outbreak areas of 

the desert locust, Schistocerca gregaria, change from time to time, depending upon the 

amount of rain and available food. Phase transformation is a reversible density-dependent 

process, characterized by morphological, physiological, biochemical and behavioral 

changes (reviews in Uvarov, 1966; Pener, 1991). Density is the primary extrinsic factor 

that affects phase transformation, but the sensory mechanisms mediating the habituation 

and aggregation, and the intrinsic physiological factors underlying phase transformation 

are not sufficiently known. There are good evidence to indicate that at least some of the 

changes during phase transformation are induced by some kind of airborne factor, but 

other visual, tactile and auditory stimuli may also play important roles (review in Uvarov, 

1966). 

Locust plagues have been recognized as a devastating event ever since man first 

began to grow crops. Plagues have doubtless occurred at intervals for millions of years, 

but documentary evidence is restricted to the last two thousand years. The Anti-Locust 

Research Center in London has recognized nine major plagues of the desert locust in the 

last 100 years (Steedman, 1990). Independently, the Australian Plague Locust 
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Commission has recorded six major plagues of the Australian plague locust, Chortoicetes 

termini/era, in the last 50 years (Wright, 1986). Locust damage is sometimes diffuse and 

not very obvious, but it can be severe if the swarms remain for several days in the same 

area. Swarms are able to do so much damage because they are composed of millions of 

specimens, each consuming about its own weight of fresh vegetation per day (Davey, 

1954; Hill and Goldsworthy, 1968). The desert locust can cause severe damage in 

sorghum, maize, wheat, barley, cotton and fruit trees, whereas the African migratory 

locust feeds mainly on grass and cereals. Nevertheless, both locusts are truly polyphagous 

and can attack a great variety of crops (Bullen, 1969; Steedman, 1990). 

Current control strategies are focused on the widespread application of toxic 

chemical pesticides to destroy the fIrst concentrated populations of hoppers. The use of 

pesticides earlier is uneconomical because locusts in the solitary phase are very widely 

dispersed. On the other hand, once the fIrst generation of mobile swarms has been 

produced, control becomes very diffIcult because of the problem of locating and treating 

moving targets over vast areas. Locust swarm control is extremely expensive, since it 

requires constant monitoring and action programs that cross international boundaries, with 

extensive use of aircraft and ground vehicles for both sampling and control operations. 

The cost of control measures taken against the last plague of the desert locust during the 

period 1986-1989 has been estimated at well over $200 million (Anonymous, 1988). 

However, the potential damage to agriculture in the absence of control could have been 

several times this fIgure. The largest plague of the Australian plague locust in the last 50 

years occurred during the spring of 1984. Large scale aerial and ground control reduced a 

major infestation to an innocuous level. The overall cost of the damage was calculated at 

$5.1 million and the total cost of the campaign was $12 million. These represent relatively 

small fIgures compared to the devastation which could have resulted in the absence of 

control. The potential damage has been estimated at $103 million, which represents a net 

benefIt (losses avoided - costs) of $94 million (Wright, 1986; Bryceson and Wright, 

1986). 

The insecticides currently used to control locust outbreaks are the organochlorides 

dieldrin and hexachlorocyclohexane (HCH); the organophosphates diazinon, dichlorvos, 

fenitrothion and malathion; the carbamates bendiocarb, carbaryl and propoxur; and the 

pyrethroids deltamethrin and lambdacyhalothrin (Steedman, 1990). Dieldrin and HCR 

have been used the most in past years, based in their effIcacy, cost, and persistence. 

However, since their use is banned or restricted in many countries, they are actually used 
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only under supervised conditions. Carbamates such as bendiocarb and propoxur have 

largely replaced HCH and dieldrin for the use in baits and dusts. However, the persistence 

of dieldrin makes it the only suitable insecticide for barrier spraying, an economical and 

effective method to control bands of hoppers covering widespread areas. Organochlorides, 

organophosphates, carbamates and pyrethroids are synthetic, broad-spectrum poisonous 

chemicals, that have been used efficiently for different pest species. However, their 

extensive use has also been the cause of serious repercussions. Pest resurgence associated 

with pesticidal destruction of natural enemies and the development of insecticide resistance 

has required increased doses of even more powerful pesticides to maintain their 

effectiveness. The accumulation in the environment of these pesticides has constituted a 

still greater hazard for all the living organisms, including human beings, because of their 

tendency to persist in the environment and interfere with biochemical processes common 

to both insect and mammals. Many cases of lethal and sublethal pesticide poisoning of 

humans have occurred as a result of efforts in locust control. The World Health 

Organization has estimated that 10,000 people a year die of pesticide poisoning (fhakkar, 

1986). The poisoning of livestock, fish, wild life and other beneficial organisms are 

additional costs of pesticide use (Pimentel et al., 1980). Pimentel (1991) estimated the 

overall environmental and public health costs in the United States as at least $8 billion 

annually. Unfortunately, little is known about the negative environmental consequences 

that accompany the control of locust plagues with pesticides. Nevertheless, Steedman 

(1990) inferred certain risks, based on the knowledge of the pesticides used. Some, such 

as dieldrin, are very persistent in the environment, and are extremely toxic to birds and 

mammals. HCH is unlikely to kill birds and mammals, but tends to accumulate in crops 

and milk consumed in the area, and can likely cause mortality among the fish population. 

Sublethal effects upon birds and the death of honey bees may also occur with diazinon, 

carbaryl, propoxur and malathion. 

Because of increasing concern over the wholesale use of pesticides, and the need to 

protect the environment against toxic chemicals, strong public demand has appeared for 

biorational approaches for insect control (reviews in Menn and Henrick, 1985; Bowers, 

1992). Promising alternatives for new environmentally acceptable pesticides for locust 

control include the use of insect growth regulators (lGRs). All compounds belonging to 

this group interfere specifically with the normal behavior and physiology of the insects, 

and generally lack toxic effects for non-target organisms (review in Retnakaran et al., 

1985). Of the several types of IGRs, only juvenoids and benzoylphenylureas (BPUs) 
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have resulted in the commercialization of their most optimized structures. Others, such as 

precocenes and ecdysone agonists, remain in the experimental stage. 

Juyenoids as a promjsin~ alternatiye 

Early studies by Wigglesworth (1934, 1935, 1936) revealed that the Corpora Allata 

(CA) of Rhodnius prolixus produces a factor that prevents metamorphosis until the insect 

is full-grown, and he named it the inhibitory hOImone. Williams (1956) prepeared the first 

active extract of the inhibitory hOImone, "the golden oil", from the abdomen of adult males 

of the Cecropia silkworm, Hyalophora cecropia, that because of its action to prevent 

metamorphosis in a variety of insects was also called the juvenile hormone (JH). 

Schmialek (1961) found that an extract ofmealwoIm feces also possessed JH activity and 

identified the sesquiterpenoids fame sol and fame sal as the active compounds. Synthetic 

efforts based in the sesquiterpenoid skeleton of farnesol as a model resulted in the 

synthesis of 10,1l-epoxy, methyl farnasenate; a compound that possessed activities 

identical with the Cecropia oil in different biological tests (Bowers et aI., 1965). 

Subsequently, five naturally occurring juvenile hormones have been described to date, all 

of them sharing a similar acyclic sesquiterpenoid structure. Roller et aI. (1967) first 

isolated and identified a natural juvenile hOImone (JH-I) from the Cecropia oil. A second 

hormone (JH-II) was isolated and identified from the same source by Meyer et al. 

(1968). The third naturally occurring hormone (JH-III) was characterized by Judy et al. 

(1973a) from organ cultures of CA of the tobacco hornworm, Manduca sexta, and 

corresponded to the chemical structure predicted by Bowers et al. (1965) for the active 

compound of the Cecropia oil. Two additional hormones (JH-O and iso-JH-O) have been 

isolated from the developing embryos of M. sexta (Bergot et al., 1980, 1981a). Recently, 

it has been discovered that the ring glands of Drosophila melanogaster produce the 

bisepoxide of JH-III (JHB3) in vitro, and suggest that this compound might be the natural 

occurring hormone in higher Diptera (Richard et aI., 1989). Whereas JH-III has been 

found in at least one stage of development of nearly all insects surveyed to date, JH-I, 

JH-II, JH-O and iso-JH-O only occur in Lepidoptera and JHB3 has only been found in 

higher Diptera (reviews in Schooley et aI., 1984; Cusson et aI., 1991). Several other 

JH-related compounds, such as famesoic acid, methyl famesoate, and JH acids I, II and 

ill, has been identified as products released by the CA of different species of insects 

(review in Cusson et aI., 1991). Whether these compounds are hormones, prohoImones 
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or simply side products of m biosynthesis has not been determined. Juvenile hormone is 

synthesized and secreted by the CA (reviews in Feyereisen, 1985; Tobe and Stay, 1985), 

and has several important functions in the life cycle of insects (reviews in Steel and Davey, 

1985; Kumaran, 1989). In order to exert its morphogenetic activity m acts in concert with 

the molting hormone to suppress adult differentiation and to maintain the immature 

characters of the developing insect (review in Riddiford, 1985). In most insects JH also 

has a gonadotropic function, being necessary for successful yolk deposition and ovarian 

development in adult females and for development of the accessory glands in the males 

(reviews in Engelmann, 1983; Koeppe et aI., 1985). During the life cycle of certain 

insects, m may also regulate diapause (review in Denlinger, 1985), caste determination in 

social insects (review in Hardie and Lees, 1985), reproductive polymorphism and wing 

dimorphism in aphids (review in Hardie and Lees, 1985), and phase polymorphism in 

locusts (reviews in Uvarov, 1966; Hardie and Lees, 1985; Pener, 1991). Whereas in the 

fat body and the epidermis JH is thought to regulate gene expression by binding with a 

specific receptor protein to the relevant regulatory sequence (Wyatt et al., 1987; Palli et al., 

1990), in the ovarian follicle cells and male accessory glands JH appears to act via 

secondary messengers (llenchuk and Davey, 1985; Yamamoto et al., 1988). 

The possibility that analogs of the natural m (juvenoids) would have potential as 

insect control agents was fIrst recognized by Williams (1967), who referred to them as the 

"third generation of pesticides". Although they may be very dissimilar in chemical 

structure, juvenoids are chemicals that show the same physiological activity of the natural 

m. It is evident that supplying an insect with exogenous ms or juvenoids, at a time when 

it should be low or absent, will adversely affect the physiology of the insect (reviews 

in Staal, 1975; Sehnal, 1983; Retnakaran et al., 1985). Application of juvenoids during 

metamorphosis, when the natural m titers are low, induces incomplete metamorphosis in 

most species of insects (Bowers and Thompson, 1963; Henrick et aI., 1973; Masner et 

al., 1981). They can adversely affect reproduction in the females of some species by 

reducing fecundity and/or fertility (Masner et aI., 1968; EI-Guindy and Bishara, 1976; 

Glancey and Banks, 1988). Juvenoids can also block embryogenesis and are therefore 

ovicidal for certain insects (Riddiford and Williams, 1967; Walker and Bowers, 1970; 

Smith and Arking, 1975; Kelly and Huebner, 1986). The effects of juvenoids on 

non-target organisms has been extensively studied (Wright and Spates, 1972; Staal and 

Nassar, 1976; Ascemo et al., 1980; Parrella et al., 1983; Mulla et al., 1986; Miura and 
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Takahashi, 1987). In general, pollinators, predators and parasites are also affected by the 

juvenoids, but their adverse effects are generally much lower than those of broad-spectrum 

insecticides. In addition, their toxicity to vertebrates is extremely low, and are considered 

to be the safest materials currently available for insect control. The LD50 after oral 

administration in rats was over 50,000 mg/Kg for methoprene (Zoecon, 1972), and over 

10,000 mg/Kg for fenoxycarb (Maag, 1983), the two most important commercial 

juvenoids. 

Even before the structure of JH-I was elucidated, certain farnesyl-type compounds 

were shown to mimic juvenile hormone activity (Schmialek, 1961, 1963; Bowers and 

Thompson, 1963). Most of them were not very potent mimics, but could be used as 

substitutes for natural JH in studies of the physiological role of the hormone. Shima and 

Williams (1965) accidentally discovered that certain paper products possessed juvenile 

hormone activity, and demonstrated that the active agent (paper factor) was present in the 

balsam fir tree, Abies ba/samea, from which the paper had been manufactured. The active 

substance was isolated and identified by Bowers et al. (1966) as a monocyclic 

sesquiterpenoid ester, and called juvabione. This discovery encouraged additional studies 

on plants, from which numerous phytojuvenoids with low to moderate activity have been 

found (reviews in Bowers, 1985, 1991). However, the first important advance in 

juvenoids chemistry, came when Bowers (1968, 1969) combined structural information 

from phytojuvenoids and natural JH to synthesize certain aromatic-terpenoid hybrids that 

resulted in analogs several thousand times more potent than the natural hormones. The 

relative structural simplicity, selectivity of action, and low mammalian toxicity of 

juvenoids, greatly stimulated research focused on the development of new juvenoids for 

insect control. Several thousands of analogs of JH have been synthesized so far (reviews 

in Shima et aI., 1974; Henrick, 1982; Hayashi et al., 1990), with varying degrees of 

activity and specificity, but only a few have been registered as insecticides (Staal, 1982, 

1987; Sehnal, 1985). Some of the reasons why juvenoids have not yet become a group of 

pesticides of major importance are attributed to the intrinsic biological properties of 

juvenoids, such as slow mode of action and critical timing of application. Other drawbacks 

however, are linked with the terpenoid chemistry of most juvenoids, such as relatively 

high price of manufacture and insufficient persistence in the field. 

The primary routes of JH metabolism in insects are the hydrolysis of the methyl 

ester of JH by IH-esterases and the hydration of the 10,11-epoxide by epoxide hydrolases 

to produce the biologically inactive acid and diol respectively (reviews in Hammock, 1985; 



21 

Roe and Venkatesh, 1990). In search of structural modifications that would maximize 

biological activity and eliminate labile groups from the natural hormone, the Zoecon 

Research Laboratories developed methoprene, the first juvenoid registered with the US 

Environmental Protection Agency (EPA) for use in insect control (Zoe con , 1972). 

Methoprene shows very high morphogenetic activity against a wide range of dipterous 

species, being particular effective against the mosquito genus Aedes (Jakob, 1972; 

Henrick et aI, 1973; Spencer and Olson, 1979) and Anopheles (Hsieh and Steelman, 

1974; Dame et aI., 1976). Methoprene is registered with the EPA for use as a mosquito 

larvacide (ALTOSID SR-lO), and as a feed additive for cattle to control horn flies 

(ALTOSID CP-I0). New commercial applications for methoprene have been discovered 

every year (Staal, 1982; Sehnal, 1983; Thakkar, 1986), including flea control under the 

trade name of PRECOR, the control of the Pharaoh ant, Monomorium pharaonis, 

(pHARORID), the protection of stored tobacco against the cigarette beetle (KABAT), the 

control of the mushroom fly (APEX), the protection of stored peanuts against storage 

insect pests (DIACON), and its use for increasing silk production in Japan (MANTA). 

In the search for new juvenoids that would overcome the shortcomings of the 

terpenoid structure of JH, it was shown that the isoprene unit linked to the carbomethoxy 

moiety of the JHs can be replaced by an appropriately substituted phenoxy group with 

retention of JH activity (Bowers, 1968, 1969; Zaoral and Shima, 1970). The 

simultaneous replacement of the adjacent homoisoprene unit by another phenoxy 

group gives rise to 4-phenoxy-phenyl and 4-benzyl-phenyl compounds which show 

excellent morphogenetic activity against many insect species (Karrer and Farooq, 1981). 

Especially interesting is fenoxycarb, discovered by Maag Agrochemicals in random 

screening (Fisher et al., 1979), which exhibits excellent activity against numerous insect 

pests in various orders (Dorn et al., 1981; Masner et al., 1981). This juvenoid is moderate 

to highly persistent under various experimental conditions (White, 1986; Schaefer et al., 

1987), with residual activity over a year in stored wheat (Kramer et aI., 1985; Edwards et 

al., 1991) and at least four weeks on apple leaves (Reede et al., 1984). Furthermore, it is 

effective against insects which have developed resistance to pyrethroids (Edwards and 

Short 1984) and organophosphate insecticides (Thind and Edwards, 1986), and it is easy 

to synthesize (Karrer and Farooq, 1981). The efficacy of fenoxycarb for control of the red 

imported fire ant, So/enopsis invicta (Banks et al.,1983, 1988; Banks, 1986) resulted in 

the registration by EPA of a 1 % fenoxycarb bait, marketed under the trade name of 

LOGIC. Fenoxycarb is also currently registered for the control of the German cockroach, 
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Blattella germanica, with the trade name of TORUS 2E. Field and laboratory tests have 

established the effectiveness of fenoxycarb in reducing the populations of the German 

cockroach in family residences (Staal et al., 1985; Reid et al.,1988), because it can both 

sterilize the adults (King and Bennett, 1989) and cause mOltality in nymphs (King and 

Bennett, 1988). The activity and stability of fenoxycarb allows its application for the 

control ofleafrollers in apple orchards (Reede et al., 1984, 1985), and has been registered 

recently for this use in the Netherlands. Fenoxycarb has also been registered under the 

trade name of INSEGAR for intended use against Lepidoptera and scale insects on fruits, 

grapes, citrus, and olives. Other promising juvenoids based on the 4-phenoxy-phenyl 

structure are pyriproxyfen, developed by Sumitomo with juvenilizing effect against a 

number of pest insets (Hatakoshi et al., 1986; Koopmanschap et al., 1989; Yokoyama and 

Miller, 1991); JH-286, discovered by Montedison and tested against a number of pests 

(Banks et al., 1983; Menn and Henrick, 1985); and a pyrazole analog developed by 

Bowers and coworkers with a potent and broad spectrum activity (Bowers et al., 1993). 

Although JH-I and JH-II immunoreactive compounds have been reported in larval 

hemolymph of the African migratory locust, Locusta migratoria (Baher et al.,1979; 

Fuzeau-Braesch et al., 1982), an overwhelming number of studies with more reliable 

physicochemical methods suggest that JH-llI is the only JH present in nymphs and adults 

of locusts and grasshoppers (Judy et al., 1973b; Trautmann et al., 1974; Blight and 

Wenham, 1976a, b; Huibregtse-Minderhoud et al., 1980; Bergot et al., 1981b; Rembold, 

1981; Couillaud et al., 1985). Recently, Pener et al. (1986) demonstrated that JH-III is 

also present in the eggs and hatchlings of L. migratoria. The temporal pattern of JH titers 

in the hemolymph of nymphs and adults of L. migratoria has been determined by a 

combination of Galleria bioassays (Johnson and Hill, 1973a, b; 1975; Joly and Joly, 

1974; Joly et al., 1977), gas chromatography-mass spectrophotometry (Rembold, 1981; 

Dale and Tobe, 1986), and radioimmunoassays (Baher et al., 1979). Under crowded 

conditions, JH is present in the hemolymph at moderate levels throughout the 4th larval 

instar, but then declines after ecdysis and remains at low or undetectable levels during the 

rest of the last larval instar (Johnson and Hill, 1973a; Joly and Joly, 1974; Joly et al., 

1977; Baher et al., 1979). In adult females, JH-III titers are very low during 

previtellogenesis, increase during ovarian development, reach a maximum during 

vitellogenesis, and then decrease towards the end of the gonadotrophic cycle (Johnson and 

Hill, 1975; Rembold, 1981). In adult males, JH activity remains almost undetectable until 

the onset of sexual maturity, when it increases to remain at constant levels for several 
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weeks (Johnson and Hill, 1973b). Hemolymph titers of JH in isolated nymphs and adults 

of L. migratoria are higher than in their crowded counterparts (Joly et al., 1977; Dale and 

Tobe, 1986). In isolated nymphs, JH titers are high during the 4th instar and decline 

during ecdysis, but then start increasing again in the middle of the last instar (Joly and 

Joly, 1974; Joly et al., 1977). In isolated adults, JH titers increased much more rapidly 

with age (Joly and Joly, 1974; Dale and Tobe, 1986), probably related with their faster 

sexual maturation, but maximum values were only slightly higher than in crowded locusts. 

(Joly et aI., 1977). Injeyan and Tobe (1981b) reported that JH biosynthetic activity of the 

CA in vitro was higher in isolated that in crowded nymphs and adult females of the desert 

locust, Schistocerca gregaria, although in this species sexual maturation is faster in 

crowded adults. These results led Joly et al. (1977) to suggest that JH levels may be a 

factor in the determination of phase. However, Pener (1976b; 1991) pointed out that 

higher levels of JH in isolated locusts may be the result rather than the cause of phase 

transformation. 

The CA has at least four major recognized functions in locusts: 1) on 

metamorphosis (morphogenetic activity); 2) on ovarian development (gonadotropic 

activity); 3) on biometrics (morphometric activity) and pigmentation (chromotropic 

activity) of phase polymorphism; and 4) on male sexual behavior (behavioral activity). 

Implantation of active CA in last instar nymphs of L. migratoria results in the perturbation 

of metamorphosis and the development of supernumerary nymphs and imperfect imagos 

(Joly, 1960). Similar effects have been found upon injection of exogenous JH-I, JH-II or 

JH-III in nymphs of L. migratoria and S. gregaria (Roussel, 1975a; 1976a; 1977). 

Ovarian development in locust females is also CA dependent. Allatectomy of 

females stops oocyte development (Joly, 1960; Pener, 1967a; Lazarovici and Pener, 

1977), but its growth can be completely restored by either CA reimplantation (Joly, 1960; 

Lazarovici and Pener, 1977) or the injection of exogenous JH (Roussel, 1975a; 1976a,b, 

1978; Lazarovici and Pener, 1977). A correlation between JH biosynthesis and oocyte 

development has been demonstrated in L. migratoria (Girardie et al., 1981). 

The morphological differences between gregarious and solitary locusts are mainly 

quantitative, and studied by relative comparisons of various parts of the body (reviews in 

Dirsh, 1953; Uvarov, 1966). Implantation of extra CA into crowded hoppers of L. 

migratoria (Joly, 1956; 1962; Staal, 1961) or the injection of JHs into gregarious nymphs 

of S.gregaria (Joly and Mayer, 1970) induces a shift in the morphometric characteristics of 

the resulting adults towards the solitary phase category. Staal (1961) obtained similar 
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results, but he related them to disturbances in metamorphosis rather than to a phase shift 

Acridids exhibit three major types of environmentally regulated color 

polymorphism: 1) homochromic adaptation to the color of the background; 2) humidity 

dependent green-brown coloration; and 3) phase or density dependent color (reviews in 

Uvarov, 1966; Rowell, 1971; Pener, 1991). A particular species may possess none, one, 

two or the three types. Nymphs of L. migratoria represent the most complex case, with the 

three types of color polymorphism hierarchically superimposed. Gregarious hoppers are 

dirty orange with black patterns, excluding any other kind of color polymorphism, 

whereas solitary hoppers have a uniform color without black patterns and exhibit 

green-brown polymorphism. Under high humidity conditions they are uniformly green, 

whereas under low humidity the color is uniform but not green, and adjustable to match 

the color of the background. In contrast, S. gregaria nymphs exhibit mostly phase color 

polymorphism, in which solitaria hoppers are uniformly light pale green without black 

patterns, whereas gregaria hoppers are bright yellow with black patterns. Implantation of 

extra CA into gregarious hoppers of L. migratoria resulted in a substantial reduction of the 

black pattern and induction of green coloration typical of the solitaria phase in the 

following ins tars, whereas removal of the implanted CA resulted in the loss of the green 

color and reappearance of the dark pattern (Joly, 1960, Staal, 1961). Removal ofCA from 

green solitaria hoppers also reduced the green coloration at the next instar (Joly, 1960). 

Similar effects have been found upon injection of exogenous JH-I, JH-II or JH-III in 

nymphs of L. migratoria and S. gregaria (Roussel, 1975a, b; 1976a). Although the 

relationship between JH and green color in locusts seems absolute, this effect is not 

confined to locusts and phase polymorphism. Many acridids exhibit green-brown 

polymorphism (Uvarov, 1966; Rowell, 1971), and CA implantation promotes the green 

color in those species (Joly, 1952, Rowell, 1967). 

Males of L. migratoria and both sexes of S. gregaria become yellow with sexual 

maturation in crowded conditions. Yellowing depends on the CA, since allatectomy led to 

the absence of yellow color (Loher, 1961; Pener, 1965; 1967a; 1976b), whereas 

reimplantation of CA restores yellowing (pener et al., 1972), and extra CA induced earlier 

yellowing (Pener, 1976b). The application of JH induces yellowing in allatectomized 

males of S.gregaria, but the effect is temporary and the yellow color slowly disappears 

after cessation of JH administration (Pener and Lazarovici, 1979). However, despite this 

relationship between JH and yellowing, JH is not the only factor responsible for the 

differences in the coloration of gregarious and solitary locusts. Solitary adults may have 
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higher JH titers than crowded ones (Joly et al., 1977; Dale and Tobe, 1986), yet they do 

not became yellow. Moreover, implantation of extra CA into solitary adults of L. 

migratoria does not induce yellowing, suggesting that the key factor in yellowing is the 

differential responsiveness of the target tissues to JH, rather than the titer of JH itself 

(Pener, 1976b). 

The control exerted by the CA on male sexual behavior of locusts varies with the 

species (pener, 1974). In L. migratoria the effect is partial and depends on the density. 

Under crowded conditions allatectomized males exhibit less intense mating behavior than 

controls (Pener et al., 1972; Pener, 1976a), whereas in solitary phase the intensity is 

similar (Pener, 1976a). On the other hand, in S.gregaria the control is complete, since 

allatectomy inhibit mating behavior independently of the density (Loher,1961; Pener, 

1965; 1967a,b). Exogenous JH markedly intensifies male mating behavior in both L. 

migratoria and S. gregaria, but rapidly declines after cessation of JH administration (pener 

and Lazarovici, 1979; Pener and Shalom, 1987). 

An additional prothoracicotropic activity has been proposed for CA in locusts, since 

the duration of the larval instar is increased by allatectomy (Joly. 1960) or denervation of 

the CA (Couillaud et al., 1984), and decreased by implantation of extra CA (Joly, 1960) 

or the injection of JH-III (Roussel, 1975a, b). However, Rowell (1967) found that the 

implantation of CA in several species of African grasshoppers resulted in a slightly 

increase of the mean length of all post-operative instars. 

Although JH-III appears to be the only JH present in locusts and grasshoppers, its 

morphogenetic, gonadotropic and chromatotropic activities are lower than those of JH-I, 

JH-II or CA implantations (Roussel, 1975a; 1976a, b; 1977; Lazarovici and Pener, 1979). 

Only in the induction of male mating behavior JH-llI has an activity similar to that of JH-I 

(pener and Lazarovici, 1979). However, in all cases non-physiologically high quantities 

of exogenous JHs are necessary to induce any of these physiological responses in locusts 

(Roussel, 1976a; Lazarovici and Pener, 1977). 

In general, juvenoids have shown poor activity on acridids, compared with other 

insects. Nemec et al. (1970) showed that the topical application of farnesane-type 

juvenoids on last instar nymphs of S. gregaria and L. migratoria induced nymphal-adult 

intermediates and adults with morphological abnormalities. Similar responses, as well as 

extra-nymphal instars, were obtained by the injection or topical application of the 

juvenoids methoprene, hydroprene and triprene on last instar nymphs of S. gregaria 

(EI-Refai et al., 1974; Roussel and Perron, 1974; Fagoonee, 1979; EI-Guindy et al., 
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1981; Chen et aI., 1993). However, in the latter instance high concentrations of juvenoids 

were required to achieve any kind of morphogenetic activity. So far, juvenoids with 

cyclohexane or aromatic moieties appear to be the most active against locusts (Sehnal, 

1976; Sehnal et aI., 1976; de Kort and Koopmanschap, 1991) and grasshoppers (Bowers 

and Ortego, 1991). Juvenoids can also be used to interfere with locust reproduction, 

reducing both fecundity and fertility in females and fertility in males (EI-Refai et aI., 1974, 

EI-Guindy et aI., 1981). The application of JH or juvenoids to eggs of locusts may stop 

embryogenesis at any stage, from cleavage of the .zygote to fully developed embryos that 

fail to hatch (Novak, 1969; Sbrenna-Micciarelli, 1977; Injeyan et aI., 1979). This ovicidal 

activity is enhanced when the juvenoids are applied to freshly deposited eggs (Novak, 

1969; EI-Guindy et aI., 1981). Equally important, juvenoids have aIso been shown to 

affect some of the components of phase polymorphism in locusts, such as pigmentation 

and morphometric ratios. The application of juvenoids to the late penultimate instar 

nymphs of S.gregaria induces in the resulting last instar nymphs a green coloration, 

characteristic of solitary phase (Sehnal, 1976; Hussein et aI., 1981). If the juvenoids are 

applied to the last instar nymphs the resulting adults show the yellowing characteristic of 

mature status (Hussein et aI., 1981). The injection of hydroprene to penultimate instar 

nymphs of S.gregaria induces a shift in the morphometric ratios of the resulting adults 

towards solitary values, aIthough within the limits of the gregarious phase (EI-Refai et aI., 

1974). The effects of juvenoids in the length of the larval instars have shown a great 

variability. When hydroprene was injected into newly molted penultimate instar nymphs of 

S. gregaria the length of the next instar was increased (EI-Refai et aI., 1974), whereas the 

topical treatment of newly molted last instar nymphs of L. migratoria with methoprene 

reduced the length of the instar by about 2 days in average (Cotton and Anstee, 1990). In 

addition, Nemec et al. (1970) found that most nymphs of S. gregaria treated with 

juvenoids molted to adults one or two days earlier than the controls, but in some cases the 

ecdysis was delayed by two weeks. 

Although juvenoids with the 4-phenoxy-phenyl moiety have been aIready tested 

against a great variety of insect species (Karrer and Farooq, 1981; Dom et aI., 1981; 

Masner et aI., 1981), there has been very little study of their activity on locusts and 

grasshoppers. De Kort and Koopmanschap (1991) showed that pyriproxyfen has a strong 

juvenilizing effect when topically applied or injected into last instar nymphs of L. 

migratoria, interfering with molting into the adult stage. Bowers and Ortego (1991) found 

that fenoxycarb induced significant mortality in developing last instar nymphs of the 
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American grasshopper, Schistocerca americana, and caused severe morphogenetic damage 

during ecdysis to adults. The related juvenoids pyrazole and JH-286 showed similar 

morphogenetic effects at somehow reduced levels of activity. All of them increased the 

duration of the last nymphal stage and induced green coloration. We have examined the 

morphogenetic, chromotropic, morphometric, and prothoracicotropic activities of some of 

these juvenoids on the grasshopper S. americana and the locust S. gregaria (Chapter 3). 

Role of bilipcoteins in insect ph:mentation 

Green coloration is common among phytophagous insects. The correspondence of 

insect pigmentation to that of their host plants led early workers to believe that insects 

retained chlorophyll from plant material and sequestered it in their tissues for camouflage 

coloration. However, Przibram and Lederer (1933) fIrst reported that the green coloration 

in the hemolymph of the walking-stick insect, Dixippus morosus, could be resolved into a 

water soluble blue pigment and a fat soluble yellow fraction. Subsequent work, in a 

number of species, showed that the green coloration of hemolymph and integument was 

composed of a combination of protein-bound blue bile pigments (biliproteins), and yellow 

carotenoid-protein complexes (Junge, 1941; Hackman, 1952; Willig, 1969; Kawooya et 

al., 1985). The green coloration of the integument and hemolymph of solitary hoppers of 

the African migratory locust, Locusta migratoria, and the desert locust, Schistocerca 

gregaria, also results from the mixture of biliproteins and yellow chromoproteins 

(Goodwin and Srisukh, 1951; Goodwin, 1952; Passama-Vuillaume, 1965; Rothschild et 

al., 1977). Occasionally, green hemolymph, but not green integument, is encountered in 

gregarious locusts (Goodwin and Srisukh, 1951). 

Bile pigments are widely distributed among invertebrates, with an increasing 

number reported in Cnidaria, Mollusca, Annelida, Crustacea and Insecta (reviews in 

Rudiger, 1970a, b; Scheer, 1981). In insects, two of the four isomers of biliverdin IX 

have been identifIed. Biliverdin IXa is typically encountered in hemimetabolous groups 

(Vuillaume and Grouselle, 1968; Kayser, 1985), including locusts (Passama-Vuillaume, 

1965; Vuillaume, 1967). Biliverdin IXa has also been identifIed in a holometabolous 

species, the neuropteran Chrysopa carnea (Rudiger and Klose, 1970). Biliverdin IXy 

(pterobilin) is the most common bile pigment of Lepidoptera; usually located in the 
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interlamellar space of the wings in adults and in the integument and hemolymph of their 

larvae (Vuillaume et al., 1970; Choussy and Barbier, 1973; Barbier, 1981; Bois-Choussy 

and Barbier, 1983). Reports of biliverdin IXyoutside the order lepidoptera are restricted 

to adults of the water beetle Laccophilus minutus (Kayser and Dattner, 1984) and the 

spinned soldier bug, Podisus maculiventris (Haunerland et al., 1992). Biliverdin IX~ and 

o have not yet been identified in insects. 

De novo biosynthesis of bile pigments in insects has been shown to proceed 

through the Shemin-pathway, by condensation of glycine and succinyl-CoA to 

5-aminolevulinic acid (ALA) (Passama-Vuillaume and Barbier, 1966; Rudiger et al., 

1969b), and with protoporphyrin IX as an obligatory intermediate (Choussy et al., 1975). 

It has been established that formation of bile pigments from protoporphyrin IX in both 

plants (Mac ColI and Guard-Friar, 1987; Sage, 1992) and vertebrates (O'Carra, 1975; 

Schmid and Mc Donagh, 1979) must proceed via heme. Although it is unknown how bile 

pigments are produced from protoporphyrin IX in insects, it is tempting to suggest that the 

mechanisms of the ring opening may also proceed via heme. It has been suggested that 

perhaps the apoprotein first binds heme, which is then oxidized to biliverdin while the 

chromophore is held in place by the protein (Holden et aI., 1987). In vertebrates, bile 

pigments are predominantly formed by degradation of hemoglobin (O'Carra, 1975; 

Schmid and Mc Donagh, 1979). After the injection of radiolabelled precursors, most 

radioactivity appears in the bile pigments after a lag phase, corresponding to the life span 

of erythrocytes (London et al., 1950). There is also a smaller, much earlier peak 1-3 hours 

after administration (Robinson et al., 1966) that appears to be derived largely from the 

catabolism of other hemoproteins such as myoglobins, cytochromes, catalases and 

peroxidases. Degradation of microsomal cytochrome P-450 is probably responsible for a 

large proportion of this fraction because of their relative rapid turnover and abundance in 

the liver (Schmid et aI., 1966). Kayser and Krull-Savage (1984) showed that 

radiolabelled precursors were incorporated into biliverdin IX 'Y within 2 hours of injection 

into the large white butterfly, Pieris brassicae" suggesting that biliverdin is produced from 

newly synthesized heme. 

Unlike biliverdin, insects appear to be completely dependent upon dietary carotenes 

for the yellow component (Feltwell and Rothschild, 1974). Solitary nymphs of S. gregaria 

and L. migratoria raised on artificial diets lacking carotenes are blue in color, rather than 

green (Dadd, 1961). The same blue coloration have been obtained in diet-reared larvae of 
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the tobacco hornworm, Manduca sexta (Dahlman, 1969; Kawooya et al., 1985) and P. 
brassicae (Vander Geest, 1967). In locusts, p-carotene appears to be selectively absorbed 

from the plant food, since no other plant carotene or xanthophyll are found in the 

hemolymph (Goodwin, 1952). However, insects accumulate both p-carotene and 

astaxanthin in the integument, suggesting that astaxanthin is synthesized from p-carotene 

in the integument itself (Goodwin and Srisukh, 1951). Rothschild et al. (1977) found 

lutein rather than astaxanthin in the tissues of S. gregaria. It is thought that dietary 

carotenes are transported through the hemolymph by lipophorin to the epidermal cells, 

where they probably associate with other proteins inside the cells (Kawooya et aI., 1985). 

p-carotene also accumulates in the ovaries, and is transferred to the eggs (Goodwin, 

1949). 

Biliverdin binding proteins have been isolated from the hemolymph of several 

insect species. Insecticyanin (INS), from pupal hemolymph of M. sexta (Cherbas, 1973), 

was the fIrst biliprotein isolated and characterized in insects. On the basis of its native (Mr 

about 70,000) and subunit (Mr about 23,000) molecular weights, Cherbas (1973) and 

Goodman et al. (1985) suggested that INS was a trimer of identical subunits. However, 

Riley et al. (1984), as a result of chemical cross-linking analysis, claimed that INS was a 

tetramer. Finally, electron density mapping analysis of INS crystals confIrmed a tetrameric 

conformation (Holden et al., 1986, 1987). From the hemolymph of fifth instar larvae, 

Riley et al. (1984) determined the amino acid sequence of insecticyanin, showing that each 

subunit contained 189 amino acids (Mr 21,378). Cherbas (1973) proposed by TLC 

experiments that the chromophore responsible for the blue coloration of insecticyanin was 

biliverdin IX 'Y. Proton nuclear magnetic resonance spectroscopy (Goodman et al., 1985) 

and X-ray crystallography (Holden et al., 1987) confirmed that the chromophore was the 

'Yisomer of biliverdin IX. 

Two biliproteins with similar characteristics have been isolated from P. brassicae 
(Huber et aI., 1987a,b; Suter et al., 1988; Scheer and Kayser, 1988). Huber et al. 

(1987a,b) found that bilin binding protein I (BBP I) and bilin binding protein II (BBP II) 

crystallize as tetramers (Mr about 90,000) of identical subunits, but gel filtration led to 

molecular weights of 40,000 and 26,000 Daltons respectively, suggesting a dimeric 

configuration for BBP I and a monomeric configuration for BBP II. Huber et al. (1987a) 

and Suter et al. (1988) determined the amino acid sequence ofBBP I, showing that each 
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subunit contained 173 residues (Mr 19,676). BBP IT is apparently identical in sequence to 

BBP I, except for an exchange of the N-tenninal Asn for Asp (Huber et aI, 1987a). The 

chromophore of BBP was shown to be biliverdin IX 'Y by TLC and absorption spectra 

analysis (Rudiger et al., 1968a,1969b). 

A last instar larval-specific biliprotein has been found in the corn earworm, 

He/icoverpa zea (Haunerland and Bowers, 1986). The chromoprotein was characterized as 

a tetramer (Mr 560,000) with identical subunits of molecular weight about 150,000 

daltons. It was also shown to be a very high density lipoprotein, containing 8.4% of lipids 

and was glycosylated with mannose as a major constituent. Subsequently, a related protein 

was isolated from the hemolymph of last instar larvae of the cabbage looper, Trichop/usia 

ni (Jones et al., 1988). The apoprotein molecular weight was estimated at about 150,000 

Daltons by SDS-PAGE. However, the exact molecular weight and subunit composition 

were not clearly determined. Whereas it behaved as a trimer or tetramer on Native-PAGE, 

it eluted from gel permeation in the region expected for a dimer (Mr=320,000). 

Furthermore, chemical cross-linking analysis also suggested a dimeric composition. The 

biliprotein was characterized as very high density lipoprotein, containing 10.6% lipids 

and1.5% covalently bound mannose-containing oligosacharide moieties. A larval-specific, 

very high density lipoprotein (VHDL) has now been isolated from the hemolymph of the 

honey bee, Apis melli/era, and it shares many of the properties of H. zea and T. ni 

chromolipoproteins, but lacks the chromophore (Shipman et al., 1987). The VHDL from 

A. melli/era is a dimer (Mr 330,000) of identical glycosylated subunits (Mr 160,000) 

containing 10% lipids and 2.6% covalently bound carbohydrates. However, no 

immunological relationships between the biliprotein of H. zea and the VHDL of A. 

mellifera could be demonstrated (Shipman et al., 1987). 

Four blue chromoproteins (cyanoproteins) have been found in the hemolymph of 

the bean bug, Riptortus clavatus (Chinzei et al., 1990). All four cyanoproteins (CP1,2,3 

and 4) have subunits with identical molecular weights (Mr 76,000) (Chinzei et al., 1990), 

but are separable in isoelectric focusing under denaturating conditions (Miura et al., 1991). 

Peptide mapping (Chinzei et aI., 1990), immunological analysis (Chinzei et al., 1991a) 

and isoelectric focusing (Miura et al., 1991) suggested that the CP's are hexamers with 

two different types of subunits. All of these proteins were shown to be immunologically 

related to a biliprotein purified from egg extracts and named CPegg (Chinzei et al., 1990; 

1991a), but only CP1 comigrated with CPegg (Mr 320,000) in Native-PAGE, whereas 

the others migrated faster (Chinzei et al., 1990). 
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A chromoprotein responsible for the blue coloration of the hemolymph of adults of 

P. macu/iventris was recently isolated and characterized by Haunerland et al. (1992). The 

chromoprotein is a high density lipoprotein (1.16g1ml) containing 32% lipids. Analysis of 

its lipid composition revealed that the main components were diacylglycerols and 

phospholipids. Gel electrophoresis yielded a native molecular weight of more than 

700,000 Daltons, with subunits of 250,000; 80,000; and 20,000 Daltons. With the 

exception of its blue color, the lipoprotein shares molecular characteristics typical of 

hemolymph lipophorins found in other hemipterans (Ryan et al., 1984; Wells et aI., 

1985). The extracted chromophore, analyzed by reversed phase HPLC, gave a single peak 

with a retention time identical to that of biliverdin IX "(. 

The presence of a specific blue protein in the hemolymph of L. migratoria has been 

known for some time (Goodwin, 1952; Van der Horst et aI., 1979; Wheeler and 

Goldsworthy, 1983). Chino et al' (1983) first isolated and characterized this cyanoprotein 

(Cp) from male and female adult hemolymph. The molecular weight of the purified protein 

was determined by sedimentation equilibrium as about 350,000 daltons, whereas the 

molecular weight of the subunits was determined by SDS-PAGE as 83,000 daltons, 

suggesting that the native protein was a tetramer (Chino et aI., 1983). However, when de 

Bruijn et al. (1986) and de Kort and Koopmanschap (1987a) estimated the molecular 

weight of Cp by Native-PAGE from the hemolymph of adult males and last instar nymphs 

respectively, they found a native molecular weight of 465,000 daltons with subunits of 

77,000 daltons, suggesting a hexameric configuration. Cross-linking analysis confirmed 

that Cp was a hexamer (de Bruijn et al., 1986). According to Chino et al. (1983), the 

cyanoprotein from adult males of both sexes contains about 3.5% carbohydrates, mostly 

mannose, covalently associated with the apoprotein, but lacked lipids. Wheeler and 

Goldsworthy (1983) reported that the blue protein from hemolymph of adults did not stain 

with Lipid crimson, supporting the lack of lipids. However, Koopmanschap and de Kort 

(1988) found a 7.4% lipid content in Cp isolated from 14 days old adult males. The blue 

coloration is due to the presence of biliverdin or biliverdin-like pigments, which are 

non-covalently associated with the apoprotein (Chino et al., 1983). 

Although blue chromoproteins have been noticed in the hemolymph of the desert 

locust (Goodwin, 1952), they have not yet been characterized. We report in Chapter 4 the 

isolation and characterization of the biliproteins present in the hemolymph of the desert 

locust, S. gregaria, and the American grasshopper, Schistocerca americana, and discuss 

their role in the pigmentation of these species. 
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Effects of juyenojds on the bemolymph protein pattern of locusts 

Major advances have recently been made in the characterization of proteins from 

the hemolymph of the African migratory locust, Locusta migratoria. Lipophorin (Lp), as 

in other insects, serves as a reusable shuttle to transport various lipids from their sites of 

storage or absorption to the sites of utilization or deposition (Chino and Kitazawa, 1981; 

Chino, 1985; Van Heusden et aI., 1987). In resting locusts, Lp exists in a high density 

form (HDLp) (Chino et al., 1986; Van der Horst et aI., 1984, 1987a,b), with about 40% 

lipid content (Chino and Kitazawa, 1981; de Kort and Koopmanschap, 1987b). HDLp is 

composed of two apoproteins: 1) apoLp-I (Mr=250,000); and 2) apoLp-II 

(Mr=80-85,000) (Chino and Kitazawa, 1981; Van der Horst et al., 1984); both 

apoproteins containing covaIently bound carbohydrates (Chino and Kitazawa, 1981; Van 

der Horst et aI., 1987a). During endurance flights in adults, and through the influence of 

the adipokinetic hormone (AKH), the density ofLp decreases (LDLp) due to the uptake of 

diacylglycerol from the fat body (Chino et al., 1986) and the association of a third 

apoprotein, apoLp-III (Mr=20,OOO) (Van der Horst et al., 1984; Chino and Yazawa, 

1986). SeveraI hexameric hemolymph proteins with subunits in the 75-80KDa range have 

been characterized: 1) Juvenile hormone binding protein (JHBP) (Mr::=560,000) (de Bruijn 

et aI., 1986; Koopmanschap and de Kort, 1988); 2) Larval storage protein (LSP-I) 

(Mr=500,000) (de Kort and Koopmanschap, 1987a; Ancsin and Wyatt, 1990; Wyatt, 

1990); 3) Cyanoprotein (Cp) (Mr=465,OOO) (Chino et aI., 1983; de Bruijn et aI., 1986; de 

Kort and Koopmanschap, 1987a) and 4) Persistent storage protein (PSP) (Mr=460,000) 

(Wyatt, 1990; Ancsin and Wyatt, 1990). In adult females, vitellogenin (Vg) is the 

hemolymph precursor of the major egg yolk protein, vitellin (Vn) (Wyatt, 1980, 1988). 

Both Vg and Vn have been characterized as glycolipoproteins with about 14% 

carbohydrates (Chen et al., 1976, 1978), but Vg has 8-10% lipids (Chen et aI., 1976; 

Chinzei et aI., 1981) whereas Vn has a slightly lower lipid content (6.7%) (Chinzei et aI., 

1981). They each have a molecular weight of about 550KDa (Chen et aI., 1976, 1978), 

with six subunits of 126, 117, 112, 104, 64, and 54KDa (Chen, 1980). Other 

hemolymph proteins characterized in this species include the larval storage protein II 

(LSP-II) (Mr=250,000) (de Kort and Koopmanschap, 1987a); a monomeric 

female-specific, JH-dependent 21KDa protein (Zhang and Wyatt, 1990); and a 

JH-enhanced 19KDa protein (by SDS-PAGE) (Kanost et aI., 1988). 

The protein concentration in the hemolymph of L. migratoria changes cyclically 
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during larval development, showing an increase in the middle of each larval instar 

followed by a sharp decline at the time of molting (Tobe and Loughton,1967, 1969; Hill 

and Goldsworthy, 1968; Baehr et aI., 1979; de Kort and Koopmanschap, 1987a; 

Koopmanschap and de Kort, 1988). After molting to the adult stage the hemolymph 

protein concentration initially drops sharply (Tobe and Loughton, 1967, 1969; Hill and 

Goldsworthy, 1968; de Kort and Koopmanschap, 1987a), but increases again in both 

sexes as they become sexually mature (Tobe and Loughton, 1967; Lange et aI., 1983; 

Koopmanschap and de Kort, 1988). In mature adult females the protein titers began to 

fluctuate in relation to the stage of growth of the terminal oocytes (Gellissen and 

Emmerich, 1978), whereas hemolymph protein concentration remains essentially constant 

in males (Lange et al., 1983). In addition to changes in total protein, variation in protein 

composition of the hemolymph has been observed during development (Mc Cormik and 

Scott, 1966; Tobe and Loughton, 1967; Wyatt et aI., 1992). Larval storage proteins I and 

n are larval specific, reaching their maximum concentration during the second half of the 

last instar (de Kort and Koopmanschap, 1987a; Ancsin and Wyatt, 1990; Wyatt, 1990), at 

a time when the JH titers decrease (Baehr et al., 1979). Although LSP-I is found in low 

amounts in early adults, the levels became scarcely detectable by day 5 (de Kort and 

Koopmanschap, 1987a; Anscin and Wyatt, 1990). Persistent storage protein is present in 

larvae, but after eclosion it continues as a major component of adult hemolymph (Ancsin 

and Wyatt, 1990). Cyanoprotein also becomes very prominent late in the last nymphal 

instar (de Bruijn et al., 1986; de Kort and Koopmanschap, 1987a), but after an initial 

decreae in the early adult it becames prominent again in both sexes as the adults reach 

maturity (Wheeler and Goldsworthy, 1983; de Kort and Koopmanschap, 1987a). The 

concentration of JHBP in both nymphs and adults changes concomitant with total protein 

levels (Koopmanschap and de Kort, 1988). The high density form of lipophorin (HDLp) 

is synthesized by the fat body of nymphs and adults (Gellissen and Wyatt, 1981; Chino, 

1985), and maintains a relatively constant level in the hemolymph throughout larval and 

adult development (Gellis sen and Emmerich, 1978; de Kort and Koopmanschap, 1987a; 

Wyatt et al., 1992). The synthesis of Vg (Chen et aI., 1976; Gellissen and Wyatt, 1981; 

Wyatt et aI., 1992) and the 21KDa protein (Zhang and Wyatt, 1990) are adult female 

specific, and first appear in the hemolymph at about day 8 post-molt, coincident with an 

increase in JH levels (Johnson and Hill, 1975; Rembold, 1981). The 19kDa protein is 

constitutively synthesized at a low level by the fat body in nymphs, but increases greatly 

during the first 10 days of adult maturation in both sexes (Kanost et al., 1987, 
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mistakenly designated as apoLp-ill; Kanost et al., 1988). 

The application of ill-analogs to nymphs and adults of L. migratoria strongly 

modifies their hemolymph protein patterns. The titers of LSP-I, LSP-II and PSP in larval 

hemolymph are greatly reduced after the application of ill-analogs (Wyatt, 1990; de Kort 

and Koopmanschap, 1991; Wyatt et al., 1991, 1992), whereas de Kort and 

Koopmanschap (1991) show that the injection of pyriproxyfen into newly molted last 

instar nymphs has only minor effects on the titers of illBP. After the treatment with 

ill-analogs, newly synthesized vitellogenin becomes prominent in larval hemolymph of 

both sexes (Dhadialla and Wyatt, 1983; Dhadialla et al., 1987; Wyatt, 1990; de Kort and 

Koopmanschap, 1991), and remains high after the molt to adultoids (de Kort and 

Koopmanschap, 1991). The 19KDa protein and PSP are synthesized constitutively in 

nymphs and adults, but their synthesis is enhanced by JH-analogs in adults of both sexes 

(Wyatt et aI., 1991, 1992). Stimulation ofPSP synthesis by JH-analogs in adults contrast 

with the situation observed in the last larval ins tar, where PSP levels are lowered by 

ill-analogs (Wyatt et al., 1992). Vitellogenin synthesis is prevented in female adults by 

allatectomy or precocene treatment, but restored by administration of ill or JH-analogs 

(Chen et al., 1976, 1979; Gellissen and Wyatt, 1981; Chinzei and Wyatt, 1985; Wyatt et 

al., 1992). The injection or topical application of ill-analogs to precocene-treated, newly 

molted adult females also induced the synthesis of the 21KDa protein (Zhang and Wyatt, 

1990) and the 19KDa protein (Kanost et al., 1988). Synthesis of HDLp and apoLp-ITI by 

the fat body in adult females was only slightly affected by treatment with precocene and 

ill-analogs, suggesting that synthesis of Lp is not dependent on ill (Gellis sen and Wyatt, 

1981; Wyatt et aI., 1992). This is consistent with the lack of change in Lp synthesis 

during the vitellogenic cycle (Gellissen and Emmerich, 1978; Gellissen and Wyatt, 1981). 

We report in chapter 4 the activity of the JH-anolog fenoxycarb on the hemolymph 

protein pattern of the desert locust, Schistocerca gregaria, and the American grasshopper, 

Schistocerca americana, with special emphasis on the cyanoproteins present in the 

hemolymph of these species. 

A noyel non-sterojdal ecdysone al:onjst 

A honnonal mechanism controlling molting in insects was first indicated by Kopec 

(1922), but it was Wigglesworth (1934) who first recognized two different factors 

regulating molting and metamorphosis: a molting honnone and a so-called inhibitory 
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honnone. Fukuda (1940a,b) detennined that the source of the molting honnone in the 

silkwonn Bombyx mori was the prothoracic glands, and Williams (1947) showed that the 

prothoracic glands were under the control of a factor released from the brain. The brain 

factor came to be called the brain honnone, and the molting hormone was called 

ecdysone by Butenandt and Karlson (1954) after they isolated two related steroidal 

molting honnones from the pupae of B. mori. Huber and Hoppe (1965) deduced the 

correct structures of the two natural ecdysones, which were called ecdysone and 

~-ecdysone (20-hydroxyecdysone). Subsequently, additional ecdysteroids have been 

isolated from insects, but they are usually less active than 20-hydroxyecdysone and 

regarded as metabolites or end products of the catabolism of the molting honnone (reviews 

in KooIman, 1982; Lafont and KooIman, 1984). Hom et al. (1966) isolated the crustacean 

molting honnone, that also proved to be 20-hydroxyecdysone. It is now established that 

20-hydroxyecdysone is the main active molting honnone in insects, crustaceans and 

perhaps other Arthropoda (review in Karlson, 1983). However, there are exceptions such 

as the ecdysteroid makisterone A, the major molting honnone of several hemipteran 

species (review in Feldlaufer and Svoboda, 1986) and the honey bee, Apis melli/era 

(Feldlaufer et al., 1985). 

These studies and others led to the establishment of the so-called "classical scheme 

of insect endocrinology" (reviews in Riddiford, 1980; Steel and Davey, 1985). According 

to this scheme the brain produces the brain hormone or prothoracicotropic hormone 

(PTTH), which is stored in the Corpora Cardiaca. PITH is released at specific times 

during insect development to stimulate the prothoracic gland to produce the molting 

hormone. In most insects the prothoracic glands synthesize ecdysone, which is 

transformed into 20-hydroxyecdysone, the active form of the hormone, in peripheral 

tissues such as the fat body, epidermal cells and Malpighian tubes. A large peak of molting 

hormone occurs before every molt, which in the presence of JH during the penultimate 

and previous larval instars results in a new immature stage. During the last larval instar, an 

earlier small increase of the ecdysteroid titers in the absence of JH causes metamorphosis 

commitment of the tissues during the molt inducing release of ecdysone at the end of the 

instar. The molting honnone regulates gene activity in target tissues at the transcriptional 

level (reviews in O'Connor, 1985; Lepesant and Richards, 1989), through its association 

with a specific intracellular receptor (reviews in Pongs, 1989; Bidmon and Sliter, 1990). 

Although ecdysone is the principal secretory product of the prothoracic glands, some 

species of insects are known to produce other ecdysteroids in addition to ecdysone (review 
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in Smith and Sedlrneier, 1990). Recent studies also point out that besides prothoracic 

glands other larval tissues, namely oenocytes and epidermis, could act as alternative 

sources of ecdysteroids (review in Delbecque et aI., 1990). 

Ecdysone is the predominant secretory product of the prothoracic glands in the 

African migratory locust Locusta migratoria (Hoffmann et aI., 1975; Him et aI., 1979), 

and is converted into 20-hydroxyecdysone in peripheral tissues (Hoffmann et aI., 1974; 

Feyereisen et aI., 1976). The high titers of JH throughout the penultimate instar ensure a 

larval molt after the ecdysone release at the end of the instar (Baber et aI., 1979). During 

the last larval instar the JH titer declines during the fIrst day after ecdysis to almost 

undetectable levels (Baber et aI., 1979), whereas the prothoracic glands have three stages 

of intense production of ecdysone, that correspond to three peaks of molting hormone 

concentration in the hemolymph (Him et aI., 1979). A small peak shortly after ecdysis of 

unknown function (Him et aI., 1979), followed by a larger peak after JH titer has declined 

(Bouthier et aI., 1975; Him et aI., 1979), is apparently responsible for reprogramming the 

epidermal cells to adult differentiation (Hoffmann et aI., 1980). At the end of the instar a 

major peak is responsible for the initiation of the molting process (Hoffmann et aI., 1974; 

Bouthier et aI., 1975; Hirn et aI., 1979). The ratio of ecdysone to 20-hydroxyecdysone is 

in favor of ecdysone in the fIrst two peaks, whereas 20-hydroxyecdysone is by far 

predominant at the third peak (Him et aI., 1979). Essentially the same pattern of molting 

hormone titers have been reported for penultimate and last instar nymphs of the desert 

locust, Schistocerca gregaria (Morgan and Poole, 1976; Wilson and Morgan, 1978; Gande 

et aI., 1979). 

The ovaries of adult females of a large variety of insects have also been shown to 

have the capacity to synthesize ecdysteroids (reviews in Hoffmann et aI., 1980; Hagedorn, 

1985). In certain species, some of these ecdysteroids are released into the hemolymph, 

where they are believed to exert a variety of functions during the reproductive cycle 

(reviews in Hagedorn, 1985, 1989; Hoffmann et aI., 1986). In other species, the majority 

of ecdysteroids produced by the ovaries are transferred to the eggs, where it is assumed 

they playa role in the control of embryogenesis (reviews in Hoffmann et aI., 1980; 

Lagueux et aI., 1984; Hoffmann and Lagueux, 1985). In L. migratoria the cells of the 

follicle epithelium synthesize ecdysone and several deoxyecdysteroids at the end of each 

cycle of oocyte maturation (Lagueux et aI., 1977; Hetru et aI., 1978; Goltzene et aI., 1978; 

Kappler et aI., 1986). The process appears to be stimulated by a neurohormone 

synthesized in the median neurosecretory cells of the pars intercerebralis and released by 
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the Corpora Cardiaca (Charlet et al., 1979). Ecdysone and 2-deoxyecdysone are 

transferred to the oocytes, where they accumulate as 22-adenosine-monophosphoric esters 

(Tsoupras et al., 1982, 1983; Sall et al., 1983). During embryonic development four 

distinct peaks of free ecdysone, followed by 20-hydroxyecdysone in the last two peaks, 

are correlated in time with four cycles of cuticulogenesis, suggesting that ecdysteroids play 

an important role in the control of cuticle deposition (Lagueux et al., 1979). Since the fIrst 

two peaks occur in the preblastokinetic embryo, before differentiation of the prothoracic 

glands, it has been suggested that free ecdysone is attained by hydrolysis of conjugates 

and/or hydroxylation of 2-deoxyecdysone of maternal origin (Lagueux et al., 1984). In the 

postblastokinetic embryo, both de novo synthesis of ecdysone and ecdysteroids of 

maternal origin might account for the last two peaks (Lagueux et al., 1984). The titers of 

ecdysteroids in the ovaries of S. gregaria also increased sharply at the fInal stages of 

oogenesis (Gande and Morgan, 1979; Gande et al., 1979; Dinan and Rees, 1981). 

Essentially all of the ovary ecdysteroids, mainly 22-phosphate esters of ecdysone and 

2-deoxyecdysone, are passed into the eggs (Dinan and Rees, 1981; Isaac et al., 1982, 

1983a). It has been suggested that these conjugates may release active free ecdysone at 

specific stages in embryogenesis by the action of an embryonic phosphatase (Isaac et al., 

1983b). 

Nakanishi et al. (1966) fIrst reported the isolation and identifIcation of ponasterone 

A, a compound chemically and biologically very similar to the natural insect molting 

hormones, from the leaves of the plant Podocarpus nakaii. Following this discovery, the 

occurrence of steroids with structure and biological activities similar or identical with those 

of ecdysones have been described among a great variety of plants (reviews in Hikino and 

Takemoto, 1974; Hetru and Horn, 1980; Horn and Bergamasco, 1985; Wilson, 1987), 

and came to be called phytoecdysones (Goodwin et al., 1978). Phytoecdysones in plants 

can reach moderate concentrations, and their ingestion has been shown to inhibit growth, 

metamorphosis and reproduction in several species of insects (Robbins et al., 1968, 1970; 

Singh et al., 1982; Kubo et al., 1981, 1983), suggesting their possible role in plant 

defense mechanisms. The potential of ecdysteroids as hormonal pesticides has been 

considered (Robbins et aI., 1970; Bergamasco and Horn, 1980; Galbraith et aI., 1981), 

but progress toward commercial application is lacking. Because of their complex steroidal 

structure, synthetic analogs are expensive to produce and they do not readily penetrate the 

insect cuticle. In addition, ecdysteroids are efficiently catabolized between molts (review in 

KooIman and Karlson, 1985), and rapidly degraded and cleared when orally ingested by 
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some insects (Hikino et aI., 1975; Feyereisen et aI., 1976; Robinson et aI., 1987). 

While the ecdysteroids do not seem to represent a useful group of compounds for 

pest control, some progress has been made towards the design of compounds that interfere 

with molting hormone biosynthesis. Insects are incapable of de novo synthesis of sterols, 

and rely on dietary sterols, via cholesterol, for the production of ecdysone (reviews in 

Rees, 1985, 1989; Warren and Hetru, 1990). Phytophagous insects dealkylate dietary C28 

and C29 plant sterols to C27 cholesterol, whereas other species obtain cholesterol directly 

from the diet. Several oxidative steps in the steroid nucleus and hydroxylations at C-2, 

C-22 and C-25 by three different cytochrome P-450 dependent monooxygenases complete 

the metabolic pathway. A group of azasteroids were shown to block the ,!\24-sterol 

reductase enzyme system involved in the dealkylation of plant sterols at C-24, interfering 

with the nonnal process of molting and development in insects (Svoboda et al., 1968, 

1972; Svoboda and Robbins, 1971). In an attempt to reduce the structural complexity, a 

series of non-steroidal amines and amides were developed that retained the same type of 

activity (Robbins et al., 1975; Marks and Thompson, 1978). Burger et al. (1987,1988, 

1989) synthesized acetylenic and allenic derivatives of cholesterol, that inhibited 

irreversibly the hydroxylation at C-22 during ecdysone biosynthesis by acting as suicide 

substrates of the cytochrome P-450 dependent monooxygenase that catalyzes this reaction. 

However, even the strongest of these inhibitors showed poor activity when injected into 

nymphs of L. migratoria, probably because the difficulties of the compounds to reach the 

pro thoracic glands (Roussel, 1992). Several other steroid derivatives have also been found 

to possess ecdysone-antagonistic action in insects (Hora et al., 1966; Velgora et al., 1968; 

Labler et aI., 1968; Morisaki et al., 1975; Kline and Prestwich, 1982), probably by 

interfering with molting honnone biosynthesis. However, most of these compounds are 

also steroidal in nature and present the same limitations as the ecdysteroids for their use as 

pesticides. Darvas et al. (1990) reported several P-450 inhibitors that strongly reduced the 

activity of the P-450 dependent ecdysone 20-monooxygenase system that converts 

ecdysone to 20-hydroxyecdysone. The brassinosteroids, a family of plant growth 

promoters with steroidal structure (Grove et al., 1979; review in Adam and Marquardt, 

1986), have been reported to possess antiecdysteroid activity in vivo (Richter et al., 

1987), probably because of their capacity to bind selectively to the ecdysteroid receptors, 

inhibiting the biological response to the molting honnone (Lehmann et aI., 1988). A 

different approach was used by Costet et al. (1987), who reated plants with a systemic 

fungicide of the morpholin family that altered the sterol profile of the plant. When reared in 
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experimental plants, adult females of L. migratoria were unable to produce normaIlevels 

of ecdysone, as a result of the deficiencies of particular phytosterols in the diet. Molt 

inhibition has also been reported to occur as a consequence of treatment of different 

species of insects with juvenoids (Masner et aI., 1975; 1981; Mauchamp et aI., 1989; 

Shaaya, 1993), precocene and other aIlatotoxins (Bowers et aI., 1976; Tarrant and Cupp, 

1979; Azambuja et aI., 1981; Garcia et aI., 1984), and azadirachtin (Sieber and Rembold, 

1983; SchlUter et aI., 1985; Dom et aI., 1986). In all cases, the prevention of ecdysis 

could be correlated with a reduction or suppression of the ecdysteroid titers (Masner et aI., 

1975; Sieber and Rembold, 1983; Garcia et aI., 1984). The inhibitory activity of these 

IGRs on the ecdysteroid titers appear to be the result of a general disturbance of the 

endocrine system, rather than a specific mode of action. Since many of the hormones 

involved in growth and development operate in concert with each other, and excess or 

deficiency of one of them can interfere with the activity of the other hormones. 

Recently, Wing and coworkers reported RH-5849 (1,2-dibenzoyl-l-tert

buthylhydrazine) as the first non-steroidal ecdysone agonist. RH-5849 is the lead 

compound for a novel class of insect growth regulators, diacylhydrazines, discovered at 

the Rohm and Haas Company Research Laboratories (Hsu and Aller, 1987; Hsu, 1991). 

Wing (1988) noted that RH-5849 mimics the action of 20-hydroxyecdysone in ecdysone 

sensitive Drosophila Kc cells. The Kc cell line, originally derived from embryos of 

Drosophila melanogaster (Echalier and Ohanessier, 1969), is a model system for the study 

of ecdysone action (Cherbas et aI.,1980, 1984). Kc cells are roughly spherical and divide 

every 24 hours, but on exposure to ecdysones or RH-5849 they stop proliferation, 

increase acetylcholinesterase activity and form long branched processes. OraI dosages of 

RH-5849 rapidly haIt feeding and induce the initiation of a premature and ultimately lethal 

molt at all stages oflarvaI development in severa1lepidopterous species (Wing et aI., 1988; 

Aller and Ramsey, 1988; Wing and Ramsey, 1989; Kiuchi, 1990; Gadenne et aI., 1990; 

Chan et aI., 1990; Smagghe and Degheele, 1992; Monthean and Potter, 1992). These 

phenomena appears to occur by direct action of RH-5849 on the.ecdysone receptors at the 

target tissues, rather than elevation of endogenous ecdysone titers (Wing et aI., 1988). In 

fact, RH-5849 has been shown to inhibit ecdysone biosynthesis in larvae of the tobacco 

homworm, Manduca sexta (Wing et aI., 1988) and the blowfly, Calliphora vicina (Budd 

et aI., 1990). Although substantially less active than 20-hydroxyecdysonein vitro (Wing 
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et al.,1988), RH-5849 was about 50 times more active when injected in vivo, and more 

than 500 times as active when added to the diet (Wing et al., 1988). Pharmokinetic 

studies have revealed the superior transport properties and metabolic stability of RH-5849 

with respect to ecdysteroids (Wing, 1990). RH-5849 has also been shown to mimic the 

effects of 20-hydroxyecdysone in cell lines, organ cultures and intact larvae of the Indian 

meal moth, Plodia interpunctella (Silhacek et al., 1990), and in a cell line from the midge 

Chironomus tentans (Spindler-Barth et al., 1991). The ecdysone agonist has been reported 

to cause premature molting in larvae of the Japanese beetle, Popilliajaponica (Monthean 

and Potter, 1992), the blowfly Neobelleria bullata (Darvas et al., 1992), the house fly, 

Musca domestica (Ghoneim et al., 1991) and some crustaceans (Clare et al., 1992). It also 

disrupted molting by producing nymphal-adult intermediates in the milkweed bug, 

Oncopeltus Jasciatus (Darvas et aI., 1992), supernumerary nymphs and larval-pupal 

intermediates in the European com borer, Ostrinia nubilalis (Gadenne et aI., 1990), and 

premature head capsule apolysis and death during molting due to inability to shed the old 

cuticle in the Colorado potato beetle, Leptinotarsa decemlineata (Darvas et al., 1992). In 

addition, ingestion by a wide range of adults from Lepidoptera and some species of 

Coleoptera and Diptera resulted in reduced feeding and oviposition (Wing et al., 1988; 

Aller and Ramsey, 1988; Monthean and Potter, 1992). Darvas et al. (1992) observed that 

contact or oral application to nymphs of O. Jasciatus produced the sterilization of the 

resulting adults. The ecdysone mimic has also been reported to break larval diapause in O. 

nubilalis (Gadenne et al., 1990), whereas it induced diapause in a hymenopterous parasite, 

Aphidius matricariae (polgar and Darvas, 1990). 

In addition to its ecdysonergic action, RH-5849 was originally reported to induce 

neurotoxic symptoms in certain species of Coleoptera in vivo, and in housefly larval 

muscle in vitro (Wing et al., 1988). Aller and Ramsey (1988) showed that the fIrst evident 

effect of RH-5849 at fIeld use rates in L. decemlineata, and the Mexican bean beetle, 

Epilachna varivestis ... were neurotoxic in the form of tremors followed by paralysis and 

death. By injection, RH-5849 caused excitatory neurotoxic symptoms in a variety of 

arthopods, such as adults of E. varivestis and the American cockroach, Periplaneta 

americana, larvae of M. sexta and the southern armyworm, Spodoptera eridania, and the 

crayfIsh, Procamburus clark;; (Salgado, 1992a). In all cases the neurotoxic symptoms 

involved incessant movement of appendages, followed by paralysis and death after a few 

hours. Excitatory neurotoxic symptoms have also been reported in Caribbean fruit flies, 
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Anastrepha suspensa (Lawrence, 1992) and P. japonica (Monthean and Potter, 1992). 

RH-5849 is also moderately toxic to rats, with an acute oral LD50 of 435mg/Kg (Aller and 

Ramsey, 1988). 

The neurotoxic mode of action of RH-5849 and other diacylhydrazines have been 

recently related to the blockage of K+ channels in neurons as well as in muscle (Salgado, 

1992a, b). RH-5849 was found to prolong action potentials and induce contractions in 

ventral longitudinal muscles of larval house flies by selectively blocking delayed rectifier 

potassium channels (lk channels) in muscle cells (Salgado, 1992a). Insect muscle fibers 

contain a Ca++ inward current that depolarizes the membrane and at least four outward K+ 

currents that repolarize it: Ik (maintained voltage-dependent), IA (transient 

voltage-dependent), ICF (transient calcium-activated), and Ics (maintained 

calcium-activated) (Singh and Wu, 1989, 1990). The two fast outward currents (IA,IcF) 

limit the membrane depolarization immediately after the initiation of the action potential, 

whereas the slow outward currents (IK,Ics) are responsible for the rate ofrepolarization of 

the action potential. Salgado (1992b) showed that IA was also blocked by the 

diacylhydrazines RH-5849 and RH-1266 in ventral longitudinal muscle of house fly, but 

their IC50s were 13 fold higher than that for IK. Blockage of Na+ channels in the crayfish 

giant axon by RH-5849 and RH-1266 have been observed, but as in muscle IK channels 

were by far the most sensitive site (Salgado, 1992b). RH-5849 also potentiated synaptic 

transmission at neuromuscular junctions in house fly larvae, apparently by blocking lk 

channels in motor nerve terminals (Salgado, 1992a). In the central nervous system of P. 

americana, RH-5849 potentiated and subsequently blocked transmission at the cercal 

nerve-giant axon synapses, presumably by blocking Ik channels (Salgado, 1992a). Block 

of nerve and muscle IK channels was in all cases significant at concentrations that would 

be achieved in the insect following injection of an acute toxic dose of RH-5849 (Salgado, 

1992a, b), indicating that the K+ channel block is the primary neurotoxic mechanism of 

action ofRH-5849, although it may have other neurotoxic targets as well. The IK channel 

is a member of a large family of K+ channels widely distributed among eukaryotes, 

constructed as homo or heterotetramers of homologous polypeptides (Jan and Jan, 1990; 

Wei et al., 1990). Although there are peptide toxins that selectively block particular K+ 

channels types (Moczydlowski et al., 1988), most small molecule blockers such as 

tetraethylammonium and 4-aminopyridine are less selective (Wei et aI., 1990). It has 

therefore been suggested that diacylhydrazines may block other types of K+ channels 

(Salgado, 1992b). 
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We were curious about whether RH-5849 might induce in Orthoptera similar effects 

to that described for other insects. Accordingly, we have tested the ecdysonergic, 

morphogenetic and neurotoxic activities of RH-5849 on the American grasshopper, 

Schistocerca americana, and compared them with those of the natural molting hormone 

20-hydroxyecdysone, some structurally related BPU s, and some neurotoxic insecticides 

(Chapter 5). We hope to establish what kind of ecdysone related activities can be induced 

by RH-5849 in members of the order Orthoptera, and evaluate its potential as an 

alternative method for grasshopper and locust control. 



CHAPTER 2 

GENERAL CHARACfERISTICS OF THE EXPERIMENTAL POPULATIONS OF 

S. AMERICANA AND S. GREGARIA 

The desert loclIst 
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The desert locust, Schistocerca gregaria (Forskal) is a short-horned grasshopper 

(Orthoptera: Acrididae), which fonns dense marching hopper bands and migrating adult 

swarms, and exhibits density-dependent phase transfonnation (reviews in Uvarov, 1966; 

1977; Steedman, 1990). The migratory swarms of the desert locust threaten over 29 

million Km2, more than one fifth of the land surface of the world, affecting 57 countries in 

the northern half of Africa and south-western Asia. On occasion they have crossed the 

Mediterranean Sea to reach the south of Spain, Portugal and England, and they have also 

been found to cross the Atlantic into Central and South America. During recession 

periods, the desert locust in solitary phase inhabits the central, drier part of its distribution 

area, where it lives in small scattered populations. The recession area has a low and 

uncertain rainfall and the locusts migrate seasonally within these areas to exploit 

temporarily favorable breeding habitats. Outbreaks leading to the appearance of gregarious 

swarming populations may arise when solitary locusts moving into seasonal breeding 

habitats are concentrated by wind convergence in areas where it has rained recently, and 

where they can breed successfully, leading to crowded populations. Crowding for several 

generations is required to produce fully gregarious, swarming populations. This happens 

either when a prolonged rainy season allows the production of several successive 

generations in the same area, or when a partially gregarized population moves to 

alternative seasonal breeding areas. Alternation of plagues lasting for 5-15 years and 

recessions of a shorter duration, sometimes only one year, has been the pattern for the last 

100 years (Steedman, 1990). During this period, nine major plagues has been recognized, 

the last one from 1986 to 1989. An increasing number of swarming popUlations have been 

reported throughout Sudan and the Red Sea costs of Somalia and Egypt this last winter 

(W. S. Bowers, personal communication), suggesting that a new plague may develop this 

year if the spring and summer rainfalls in the breeding areas are favorable. 
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The American grasshopper 

The American grasshopper, Schistocerca americana (Drury), is a short-homed 

grasshopper (Orthoptera: Acrididae), closely related to the desert locust, but without a 

swarming phase like the African species. Crowding induces a change in the coloration of 

the nymphs, but does not affect adult morphometrics and there are no records of migrating 

swarms (Harvey, 1981). The American grasshopper is distributed throughout the eastern 

United States, and extends south into northeastern Mexico (Harvey, 1981). Injurious 

outbreaks are rare and restricted to upland ridge areas of Florida and Southern Georgia and 

Alabama (Kuitert and Connin, 1952; Thomas, 1991). 

Rearing of experimental grasshoppers and locusts 

A stock population of S. americana has been reared under crowded conditions in 

our laboratory for the last 5 years. The population consisted of rearing cages containing 

about 200 specimens growing synchronously. The cages are cubical in shape (0.275m3), 

with metallic screens on all their sides. All the cages are located in a environmentally 

controlled rearing room, with a photoperiodic regimen of 14 hours light and 10 hours 

dark, at a temperature of 302C. Eggs are collected weekly by placing a plastic jar 

containing vermiculite in the cage with mature adults. Nymphs begin to hatch in three 

weeks and complete nymphal development in 5-6 weeks. Adults reach maturity in 2-3 

weeks following their ultimate molt. Nymphs and adults are fed fresh wheat seedlings 

daily, supplemented with wheat germ twice a week, and fresh water weekly. Feces and 

dead grasshoppers are removed weekly with a small vacuum cleaner. Every six weeks all 

the cages are washed and sterilized. 

A colony of the grasshopper Melanoplus differentialis melanistic Cockerell was 

reared under identical conditions, except that the eggs were kept at 42C for 2-3 months to 

break diapause. 

Studies with the desert locust were performed at Simon Fraser University 

(Canada), where a stock population has been reared for several years in the Department of 

Biological Sciences. The population was reared under crowded conditions in an 

environmentally controlled rearing room, with a photoperiodic regimen of 16 hours light 

and 8 hours dark, at a temperature of 322 C. 
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Number of jnstars jn S. americana 

The most accepted criterion used to detennine the number of instars in the genus 

Schistocerca is the striped eye pattern (Uvarov, 1966). Since new hathlings possess only 

one stripe and an additional stripe is added at each molt, the total number of stripes in the 

adults minus one indicates the number of immature instars. We randomly selected five 

cages of new adults and counted the number of eye stripes in all individuals to establish 

the number of immature instars in our population of S. americana (Table 2.1). Without 

exception, females always have 7 eye stripes, so we can assume that all females go 

through 6 immature instars before they molt to adults. On the other hand, although most 

males have 7 eye stripes, some have only 6 stripes, indicating that males can have 5 or 6 

immature instars before they molt to adults. The percentage of males with only 6 eye 

stripes was 10, 11, 18,25, and 31% in the different cages. Since adults with different 

number of eye stripes were found, newly eclosed adults were collected daily from three of 

the cages to check possible differences in the temporal distribution of the striped eye 

pattern (Fig. 2.1). Last stage male nymphs that will possess six eye stripes as adults 

initiate molting first and complete their eclosion over a period of about 6-8 days. Last stage 

males and female nymphs that will possess seven eye stripes as adults begin ec1osion 

about 4-5 days after the first male with 6 eye stripes ec1oses, and continued eclosing for 

several days. Thus, adults with seven eye stripes require a somewhat longer period of 

maturation than those with only six eye stripes. 

Variations in the number of nymphal instars within the same species of 

grasshoppers has been found in practically every species studied (review in Uvarov, 

1966). Field populations of S. americana are known to go through five or six instars 

before they molt to adults (Kuiten and Connin, 1952; Thomas, 1991). The variation in the 

number of nymphal instars is important in relation to phase transformation in locusts. In 

most species there is a reduction in the number of hopper ins tars under crowded 

populations when compared with isolated ones (review in Uvarov, 1966). In the case of 

S. gregaria isolated nymphs usually develop through 6 instars, whereas crowded ones 

always go through 5 instars (Albrecht, 1955; Gillett, 1975; Injeyan and Tobe, 1981a; 

Steedman, 1990). The reduction in the number of nymphal instars in crowded populations 

has also been reported in at least one species of grasshoppers. Rowell and Cannins (1971) 

showed that the grasshopper Schistocerca vaga may have 5 or 6 nymphal instars, where 

the extra instar is significantly more common in isolated than in crowded conditions. 
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However, we have found that in a crowded population of S. americana all females and 

82% of the males have 6 nymphal instars. This can be the result of differences between 

species of grasshoppers, or a peculiarity of our population in which the variability respect 

to the number of ins tars has been lost in females and the proportion of 5 nymphal instars 

very much reduced in males. In many species of grasshoppers with variable number of 

nymphal instars, the larger females normally have one more instar than the males (Uvarov, 

1966). A higher proportion of females have been shown to exhibit an extra stadium in 

isolated populations of S. gregaria (Injeyan and Tobe, 1981a) and S. vaga (Rowell and 

Cannins, 1971). 

Newly emerged last instar nymphs and adults were used in most of our 

experimental studies to standarize the physiological conditions of the grasshoppers at the 

moment of treatment. However, the fact that males may go through 5 or 6 immature 

instars before they molt to adults can affect the homogeneity of the samples. Although we 

were not aware of this variability at the beginning of these experiments, we can assume 

that most of the males used in our experiments went through 6 immature instars. With the 

purpose of achieving a sex ratio of 1/1, the fIrst adults to emerge from a given cage were 

always eliminated because of the reduced number of females. Males and females were 

collected only when the number of newly emerged females was suffIcient for our 

requirements. In view of the pattern of emergence previously described (Fig. 2.1), we 

probably eliminated most of the males with 5 immature instars by delaying the time of 

collection. 

Weia:ht in S,americana 

Last instar nymphs and adults of both sexes were collected from the stock 

population of S. americana, and each specimen was weighed to estimate the average 

weight of males and females (Table 2.2). Newly molted last instar nymphs, within 24 

hours from last ecdysis, have an average weight of 0.53g for males and 0.67g for 

females. After 5-10 days, the weight of females increased 54% to an average of 1.03g 

and the weight of males increased 43% to an average of 0.76g. In the resulting new 

adults, within 24 hours from last ecdysis, the females have an average weight of 1.34g, 

which represents an increase of 100% with respect to the new last instar nymphs, while 

males only increase 66% to an average weight of 0.88g. When newly molted last instar 

males were classifIed according to their number of eye stripes, we found that the average 
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weight in Sth last instar nymph males (0.47±0.01, n=S2) was slightly smaller than that of 

6th last instar nymph males (0.S4±0.01, n=47), although statistically significant 

(p~O.OOS, t-test). The average weight of S-10 day old last instar nymphs of M. d. 

melanistic was also estimated (Table 2.2). In this species, both sexes have a similar weight 

at the end of the last instar, with an average of 0.54g in males and O.SSg in females. The 

estimation of the average weights were used later on to calculate lethal and effective doses 

in the form Jlg oflGRlg ofinsect. 
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Figure 2.1.- Striped eye pattern in newly eclosed adults collected daily from three 

randomly selected cages (cages #2,4 and 5 in Table 2.1) of the stock population of S. 

americana. 



male 72 
Cage #1 

female 48 

male 116 
Cage #2 

female 85 

male 84 
Cage #3 

female 112 

male 153 
Cage #4 

female 137 

male 215 
Cage #5 

female 220 

6 eye stripes 7 eye stripes 

18 (25%) 

36 (31 %) 

8 (10%) 

28 (18%) 

24 (11 %) 

54 (75%) 

48 (100%) 

80 (69%) 

85 (100%) 

76 (90%) 

112 (100%) 

125 (82%) 

137 (100%) 

191 (89%) 

220 (100%) 

Table 2.1.- Striped eye pattern in the adults of five randomly selected cages from the 

stock population of S. americana. The number in parenthesis indicates the percentage of 

individuals with a specified eye pattern within each sex. 
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Species 

S.americana 

M.d.melanistic 

_ InstaL __ 

New last instar 
nymphs 

Late last instar 
nymphs 

New adults 

Late last instar 
nymphs 

Sex 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

K 

50 

50 

50 

50 

50 

50 

50 

50 

Weight (grams)±SE 

0.53±0.01 

0.67+0.01 

0.76±0.05 

1.03±0.07 

0.88±0.02 

1.34±0.03 

0.54+0.04 

0.58±0.03 

Table 2.2- Average weight of newly eclosed last instar nymphs and adults of S. americana 
(within 24 hours from last ecdysis), and late last instar nymphs of S. americana and M. d. 
melanistic (5-10 days from last ecdysis). 

VI 
o 
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CHAPTER 3 

BIOLOGICAL ACTIVITIES OF SELECfED JUVENOIDS ON S. AMERICANA AND 

S. GREGARIA 

Introduction 

The sporadic outbreaks of the desert locust, Schistocerca gregaria (Forskal), have 

been traditionally controlled by the application of chemical pesticides. However, negative 

effects on the environment have encouraged research, seeking new, environmentally 

acceptable alternatives for desert locust control. Promising alternatives include the use of 

insect growth regulators (lGRs), that interfere specifically with the normal behavior and 

physiology of the insects, and lack toxic effects on non-target organisms (Retnakaran et 

al., 1985). Early studies with IGRs on locusts were performed with synthetic juvenile 

hormones (Roussel, 1975a; 1976a; b; 1977; Lazarovici and Pener, 1977) and compounds 

with analogous activity called juvenoids (Nemec et aI., 1970; EI-Refai et aI., 1974; 

Sehnal, 1976; Sehnal et aI., 1976; EI-Guindy et aI., 1981). Juvenoids are compounds 

structurally optimized to produce biological effects identical to those caused by the natural 

JHs. 

The biological activity of juvenoids is quite variable among insect species. They 

have been shown to be excellent alternatives for the control of mosquitoes (Schaefer and 

Wilder, 1972; Farghal and Temerak, 1981; Mulla et al., 1985), green house Homoptera 

(Staal et al., 1973; Peleg and Gothilf, 1981), cockroaches (Staal et al., 1985) and stored 

products beetles and moths (Mc Gregor and Kramer, 1975; Edwards et al., 1991). 

However, juvenoids are not ordinarily useful against pests of agriculture and forestry 

because of the timing of their lethal developmental actions and insufficient persistence in 

the field. In general, juvenoids have shown poor activity on locusts compared with other 

insects. Methoprene and other terpenoid-related juvenoids induced extra-nymphal instars 

and adultoids as well as other morphological abnormalities in S. gregaria (Nemec et al., 

1970; EI-Refai et al., 1974; Roussel and Perron, 1974; Fagoonee, 1979; EI-Guindy et al., 

1981; Chen et al., 1993), and the African migratory locust, Locusta migratoria (Nemec et 

al., 1970). Similar results were obtained by Sehnal (1976) and Sehnal et al. (1976) with 

more active juvenoids containing cyclohexane or aromatic moieties in S. gregaria. 

However, mortality was always low, requiring high concentrations of juvenoid to achieve 
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any kind of deleterious morphogenetic activity. Juvenoids have also been shown to affect 

some of the components of phase polymorphism in locusts, such as pigmentation (Sehnal, 

1976; Hussein et al., 1981) and morphometric ratios (EI-Refai et al., 1974). 

Recently, juvenoids with a 4-phenoxy-phenyl moiety have been developed, which 

show excellent morphogenetic activity against many insect pests in various orders (Karrer 

and Farooq, 1981; Dom et aI., 1981; Masner et aI., 1981). However, there have been 

very few studies of their activity on locusts and grasshoppers. Bowers and Ortego (1991) 

found that fenoxycarb induced significant mortality in developing last instar nymphs of the 

American grasshopper, Schistocerca americana, and caused severe morphogenetic damage 

during ecdysis to adults. The related juvenoids pyrazole and JH-286 showed similar 

morphogenetic effects, at somewhat reduced levels of activity. All of the compounds 

increased the duration of the last nymphal instar and induced green coloration. Similar 

results were found by de Kort and Koopmanschap (1991) in last instar nymphs of L. 

migratoria using the Sumitomo juvenoid pyriproxyfen. 

We have examined further the biological activity of the juvenoids fenoxycarb, 

pyrazole and JH-286 on S. americana, and compared their activities with those of 

commercial methoprene and synthetic JH-ill. The grasshopper S. americana, a species 

closely related to the desert locust, has never been observed to gregarize under natural 

conditions. Therefore, we believe that our studies of its response to the actions of JH 

analogs and mimetics will permit a direct evaluation of their potential lethal and 

morphogenetic actions in the absence of the complexities of gregarization and phase 

transformation intrinsic to the desert locust. Since, during the course of our studies, 

fenoxycarb proved to be the most active of the juvenoids tested, we also tested its activity 

on the desert locust. 

Materials and Methods 

Insect Growth Regulators: 
Three juvenoids containing the 4-phenoxy-phenyl moiety were tested: Fenoxycarb 

[Ethyl 2 ... (4-phenoxy-phenoxy) ethyl carbamate] provided by Maag Agrochemicals 

(technical 97%); JH-286 [l-chloro-5-(4-phenoxy-phenoxy)1-pentyne] provided by 

Montedison (technical >85%); and a new pyrazole analog [1-(4-phenoxy-phenoxy) 

ethane-1-pyrazole] developed by Bowers et al (1993). Juvenile hormone activity of the 

aromatic analogs was compared with those of the commercial juvenoid methoprene 
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[isopropyl(2E,4E)-II-methoxy-3,7, II-trimethyl-2,4-dodecadienoate] provided by Zoecon 

Research Laboratories (technical), and synthetic JH-III [cis-l0,1l-epoxy-3,7,1l

trimethyl-trans,trans-2,6-dodecadienoic acid methyl ester] purchased from Sigma 

(technical 80%) (Fig. 3.1). 

Insects: 

Stock populations of S. americana and S. gregaria were reared under crowded 

conditions as described elsewhere (Chapter 2). 

Experimental design for juvenoids activity on S. americana: 
Newly molted last instar nymphs of S. americana, within 24 hours from the last 

ecdysis, were treated topically with JH-III, fenoxycarb, methoprene, JH-286, and a new 

pyrazole analog. The concentrations tested were 200, 100, 50, 10, 5, 1, and O.lJlg of 

fenoxycarb/nymph; 200, 100, 50, 10, 5, and IJlg of methoprene/nymph; and 200, 100, 

and 50Jlg of JH-ill, JH-286 and the pyrazole analog/nymph. Each concentration was 

conveniently adjusted to IOJlI of a diluent solution composed of hexane: mineral oil: 

acetone (4:1:5,v/v/v) and topically applied by a micro syringe on the abdominal sternum of 

the nymphs. Controls received 10JlI of the diluent solution alone. Each compound and 

concentration was tested on 18-30 nymphs, divided evenly by sex. In addition, newly 

molted last instar (six eye stripes), penultimate instar (five eye stripes) and fourth instar 

(four eye stripes) nymphs were treated topically with 200 and lOJlg of fenoxycarb/nymph 

under the same conditions. Both doses and the corresponding controls were tested on 10 

nymphs of both sexes for each instar. 

Controls and treated nymphs were maintained in groups of five nymphs per cage. 

The cages were of polyethylene plastic with a screen of nylon organdy in the top and a 

capacity of 4.86 liters. Conditions in the experimental room were 16 hours light and 8 

hours dark, at a temperature of about 252C. Nymphs were fed daily with wheat seedlings 

and fresh water was added weekly. All treatments were checked daily to study the 

morphogenetic, chromotropic, prothoracicotropic, and morphometric activities of the 

differentjuvenoids. The experiment was concluded 10 days after all specimens molted to 

adults. 

Morphogenetic activity.- Six different categories were established: 1) Nymphs that died 

before they molted to adults; 2) Nymphs that died at ecdysis because of their inability to 

shed the old exuviae; 3) Supernumerary nymphs; 4) Adultoids that exhibited 
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morphological characteristics intennediate between nymphs and adults; 5) Adults with 

abnonnal curled wings; and 6) Nonna! adults. 

The lethal dose (LD50) of each compound was calculated by Probit analysis 

(Finney, 1971), considering the categories 1,2, and those from 3 and 4 that died within a 

few days after ecdysis over the total. In order to take into account the small percentage of 

mortality in the control groups, Probit analysis was perfonned following Abbott's 

transfonnation of the data (Abbott, 1987). In the same way, the effective doses to inhibit 

successful metamorphosis (ID50) were calculated considering the categories 1, 2, 3, 4 and 

5 over the total. 

ChromotrQpic activity,- Controls and treated nymphs were checked every two days to 

evaluate modifications in their cuticular pigmentation. Each specimen received a score 

according to the following scoring system: 1) Brown-grey or pink coloration typical of 

controls; 2) Light green or yellow; 3) Green; and 4) Bright green. 

The effective doses to induce cuticular chromotropism in nymphs (ED 50) was 

calculated by Probit analysis, following Abbott's transfonnation of the data. All deviations 

from the nonnal cuticular pigmentation at 14-16 days, categories 2, 3, and 4, were 

considered for the calculation. 

Prothoracicotropic activity,- The length of the last nymphal instar was used as the 

criterion to establish prothoracicotropic activity. We considered the specimens that molted 

to adults and adultoids, and those that started to molt but died during ecdysis, to calculate 

the mean and median length of the instar. A Kruskal-Wallis test was chosen to perfonn 

mUltiple comparisons, whereas for two sample comparisons we used the 

Mann-Whitney-Wilcoxon test. 

MOIllhometric activity.- The ratios ElF (length of forewingllength of hind femur) and F/C 

(length of hind femur/greatest width of head) were measured in the resulting adults two 

days after ecdysis. Only nonnal adults were used to calculate the mean and the median 

ratios of both males and females separately. A Kruskal-Wallis test was chosen to perfonn 

multiple comparisons among the medians. 

Experimental design for fenoxycarb activity on S. gregaria: 

Newly molted last instar nymphs of S. gregaria, reared under crowded conditions, 

were treated topically with 100, 10, and IJ.lg of fenoxycarb/nymph. Each concentration 

was adjusted to lOJ.lI of a diluent solution composed of hexane:oleic acid:acetone (4: I :5, 

v/v/v) and topically applied by a microsyrlnge on the abdominal sternum of the nymphs. 
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Controls received lOJl.I of the diluent solution alone. Each concentration was tested on 10 

nymphs, divided evenly by sex. Control and treated nymphs were maintained in groups of 

ten per one gallon glass jar, and fed daily with wheat seedlings. They were kept in a 

controlled environment chamber (Sherer, model eEL 37-14) with a photoperiodic regime 

of 14 hours of light and 10 hours dark, at a temperature of 31 2C. Nymphs were checked 

daily to study the morphogenetic, chromatotropic and prothoracicotropic activities as 

previously described. The experiment was concluded 10 days after all specimens molted to 

adults. 

Results 

Morphogenetic activity of juvenoids on S.americana: 

The topical application of the juvenoids tested on last instar nymphs of S. americana 
induced different types of morphological abnonnalities, such as supernumerary nymphs, 

adultoids, and adults with curled wings. The supernumerary nymphs resembled last instar 

nymphs, except for their strong green coloration and an extra eye stripe. However, all of 

them were unable to shed the old exuviae and died during ecdysis, indicating imperfect 

expression of unobvious characters. Even after they were carefully peeled, they died 

within a few days. Adultoids displayed morphological characteristics intennediate between 

nymphs and adults. Therefore, whereas the wing pigmentation pattern and the number of 

eye stripes were typical of adults, the cuticular pigmentation pattern of head and thorax 

was typical of nymphs. In most cases the adultoids presented unstretched or curled wings, 

folded hind legs, and a background cuticular pigmentation that ranged from brown-pink 

with a few green spots on the abdomen to an almost all body green. Adults with curled 

wings were otherwise nonnal, but this characteristic prevented them from flying. 

Although the types of morphogenetic damage induced by the juvenoids tested were 

very similar, it was apparent that they varied considerably in potency. Fenoxycarb was the 

most active, inhibiting successful metamorphosis in at least 50% of the nymphs at 

concentrations as low as 1Jl.g/nymph (Table 3.1). At 200Jl.g/nymph about 37% of the 

nymphs died before molting, but this occurred near the end of the instar when control 

nymphs started molting to adults. The remaining 63% resulted in supernumerary nymphs 

that died during ecdysis. At concentrations of 100 and 50Jl.g/nymph 95 and 50% 

respectively of the nymphs died before ecdysis or developed into supernumerary nymphs 

that died during ecdysis. The remaining nymphs molted to adultoids, that in most cases 
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died within a few days following ecdysis. At concentrations in the range of 1-10J..Lg/nymph 

mortality was reduced, but the number of nymphs that molted to nonnal adults was always 

below 50%, because of the induction of adultoids and adults with abnonnal curled wings. 

At O.OIJ..Lg/nymph the percentage of nymphs that molted to nonnal adults was similar to 

that of the control group. Methoprene reduced the rate of successful metamorphosis at all 

concentrations tested, but mortality was small in all cases (Table 3.1). Concentrations 

equal to or exceeding 50J..Lg/nymph completely abolished successful metamorphosis or 

reduced it to a minimum, by th~ induction of adultoids and a few supernumerary nymphs 

and adults with curled wings. At concentrations in the range l-lOJ..Lg/nymph over 50% of 

the nymphs molted to normal adults. The pyrazole analog inhibited successful 

metamorphosis at concentrations of 100 and 200J..Lg/nymph in at least 78% of the nymphs 

(Table 3.1). However, when the concentration was reduced to 50J..Lg/nymph 79% of the 

nymphs molted to nonnal adults, a percentage similar to that of the control group. JH-286 

was the least active of the juvenoids tested (Table 3.1). Inhibition of successful 

metamorphosis in at least 50% of the cases occurred only at 200J..Lg/nymph. The topical 

application of JH-ill on last instar nymphs did not have any significant morphogenetic 

activity at any of the concentrations tested (Table 3.1). 

The lethal doses (LD50) and effective doses to inhibit successful metamorphosis 

(ID50) were calculated by probit analysis for each compound (Table 3.2). Fenoxycarb 

was the most active compound, with a LD50 of 32.75J..Lg/nymph and an ID50 of 

1. 17J..Lg/nymph. Methoprene and the pyrazole analog were also very active in the inhibition 

of metamorphosis with ID50s of 10.62 and 99.22J..Lg/nymph respectively. However, 

mortality was reduced in both cases, with LD50s over 200J..Lg/nymph. The juvenoid 

JH-286 and JH-ill were the least active with LD50s and ID50s over 200J..Lg/nymph. 

Topical application of fenoxycarb to 4th, penultimate 5th instar and to last 6th instar 

nymphs revealed the larvicidal activity of this juvenoid (Table 3.3). At 200J..Lg/nymph all 

4th and 70% of the 5th instar nymphs died during the same or following instar or at the 

time of ecdysis between them. The 5th instar nymphs that survived through the 5th and 

last 6th instar stages tried to molt to supernumerary nymphs, but were again unable to 

shed the old exuviae and died at the time of adult ecdysis. At lOJ..Lg/nymph all 4th instar 

treated nymphs also died during the 4th and 5th instar, whereas most nymphs treated in 

the 5th instar successfully developed into nonnal adults. As in the previous experiment, 

treatment of 6th last instar nymphs with fenoxycarb inhibited metamorphosis to normal 

adults at both concentrations tested, because of its larvicidal activity and the induction of 
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supernumerary nymphs and adultoids. 

Chromotropic activity of juvenoids on S.americana: 
Topical application of JH-ill to newly molted last instar nymphs of S. americana 

induced changes in the cuticular pigmentation of some nymphs from the brown-grey of the 

controls to a light green or yellow (Fig. 3.2). At all concentrations nymphs fIrst began to 

show the light green coloration about 6 days after treatment, and by the end of the instar 

over 60% of them were affected. In the control group 10% of the nymphs also switched 

their pigmentation to light green a few days before molting to adults. All of the juvenoids 

tested had stronger chromotropic activity on last instar nymphs than JH-Ill. They induced 

changes in the color of the cuticle to different shades of green, that we categorize as light 

green or yellow, green, and bright green. With the juvenoid methoprene all the different 

shades of green were obtained (Fig. 3.2). At the concentration of 200J..Lg/nymph all 

nymphs turned light green 4 days after treatment and green 4 days later. About the half of 

the nymphs remained uniform green throughout the full ins tar, but the other half turned to 

bright green about 10 days after treatment. At concentrations in the range 10-50J..Lg/nymph 

almost all nymphs started to tum light green 4 days after treatment and obtained the 

uniform green coloration a few days later, but failed to develop the bright green coloration. 

At concentrations of 1 and 5J..Lg/nymph 50% and 80% of the nymphs respectively turned to 

the light green coloration, compared to about 10% in the control group. Fenoxycarb was 

the most active of all the juvenoids tested (Fig. 3.3). Concentrations equal to or over 

50J..Lg/nymph induced bright green coloration in almost all nymphs. The change in 

pigmentation occurred rapidly, since most nymphs displayed the bright green coloration 

within 6-8 days after treatment. At concentrations in the range of 5-1 OJ..Lg/nymph most 

nymphs turned light green or uniform green, but never bright green. At 1J..Lg/nymph about 

50% of the nymphs turned to light green or green at the second half of the instar. At 

O.lJ..Lg/nymph only 15% of the nymphs were affected, very similar to the number of 

nymphs with light green coloration in the control group. The three concentrations tested 

with JH-286 induced very similar chromotropic activity (Fig. 3.3). All nymphs changed 

their pigmentation to light green or uniform green. The only difference was that the change 

in pigmentation occurred faster at the highest concentration of 200J..Lg/nymph. With the 

pyrazole analog there were more differences between doses (Fig. 3.3). At concentrations 

of 100 and 200J..Lg/nymph all the nymphs changed their pigmentation, most of them to 

uniform green. However, at 50J..Lg/nymph only about 80% of the nymphs turned to light 
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green and the rest remained brown-grey. 

The effective dose required to induce cuticular chromotropism in last instar nymphs 

(ED50) was calculated considering any type of change from the typical pigmentation 

(Table 3.2). Fenoxycarb and methoprene appeared to be the most active with ED50s of 

1.17 and 1.49J.1g!nymph respectively. Juvenile hormone-III also showed some activity, 

with an ED50 of about 50J.1g!nymph. Although it was not possible to calculate the exact 

ED50s of JH-286 and the pyrazole analog, because it was below the range of 

concentrations tested, they appeared to be intermediate between those of JH-III and 

methoprene because of their activities in the range 50-200J.1g!nymph. 

Control 4th instar nymphs had a typical light green coloration that in most cases 

turned to brown grey or pink after molting to the penultimate 5th and last 6th instars. 

Topical application of fenoxycarb to 4-6th nymphs not only stopped this change, but 

induced a strong green coloration within the same instar (Fig. 3.4). In those nymphs 

treated with 200J.1g!nymph a bright green coloration was induced in all cases and remained 

after the nymphs molted to the following instars and eventually died throughout nymphal 

development or as supernumerary nymphs. Treatment of 4th and 5th instar nymphs with 

10J.1g!nymph also induced green or bright green cuticular coloration within the same 

instar, but all of them turned to lighter tones of green after molting to the next instar. 

Prothoracicotropic activity of juvenoids on S.americana: 

We used the length of the same instar in which the juvenoids were applied as a 

criterion to establish their prothoracicotropic activity. The duration of the last nymphal 

instar in the specimens that molted to adults or adultoids and those that started to molt to 

supernumerary nymphs, but died during ecdysis, were considered in the calculation of the 

mean and median length of the instar. Although there was a general trend towards an 

increase in the mean duration of the instar following treatment with fenoxycarb at 

concentrations over 5J.1g!nymph, only the median length after treatment with 200J.1g!nymph 

was significantly different than that from the control group (Table 3.4, and 3.5). The 

increment of the means was caused by the induction of over-aged nymphs, that required 

30-60 days before they tried to molt to supernumerary nymphs. However, since only a 

few nymphs were affected the medians remained unaltered. A similar response was 

obtained with JH-286, but in this case not even at the highest concentration of 

200J.1g!nymph was the median significantly different from that of the control group (Table 

3.4). At all concentrations tested JH-llI, methoprene and the pyrazole analog failed to 
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induce over-aged nymphs, and therefore means and medians were not significantly 

different from their control groups (fable 3.4). 

Under our experimental conditions the duration of the 4th and penultimate 5th 

instars nymphs was about 15 and 16 days respectively. The topical application of 10 and 

200 Jlg of fenoxycarb on 4th and 5th instar nymphs slightly increased the duration of the 

instar in which the juvenoid was tested, but these differences were not significant in any 

case (Table 3.5). However, the 5th instar nymphs treated with 200Jlg of fenoxycarb, that 

survived to the following instar, were in most cases overaged nymphs that eventually died 

when trying to molt to supernumerary nymphs (Table 3.5). Similarly, the only treated 4th 

instar nymph that survived to the end of the next instar had a 5th instar duration at least 3 

days longer than any of the nymphs from the control group (Table 3.5). 

Morphometric activity of juvenoids on S.americana: 

The morphometric ratios ElF (length of forewing/length of hind femur) and Fie 
(length of hind femur/greatest width of head), measured in the resulting normal adults 

following the treatment of last instar nymphs, were not affected by JH-III or any of the 

juvenoids tested (Table 3.6). In all cases their mean ElF and F/C ratios were in the range 

1.66-1.74 and 4.77-5.00 respectively, and their median ratios were not significantly 

different from that of their respective control groups (ex= 0.20, Kruskal-Wallis test). The 

similarity between males and females with respect to their morphometric ratios should also 

be noted. There were no differences between the sexes for all the different control groups 

when the median ratios were compared. Furthermore, there were no significant 

differences between sexes at any dosage for the different juvenoids. When fenoxycarb 

was applied to penultimate last instar nymphs the morphometric ratios of the resulting 

adults were again not significantly different from those of the control group (Table 3.7). 

We were unable to calculate the morphometric ratios after treatment of 4th instar nymphs, 

because none of them successfully completed metamorphosis to adults. 

Activity of Fenoxycarb on S. gregaria: 

Topical application of fenoxycarb to last instar nymphs of S. gregaria induced the 

same type of morphological abnormalities previously described, namely supernumerary 

nymphs, adultoids, and adults with curled wings (Table 3.8). However, death before 

ecdysis was almost absent, and was not associated with the end of the instar. Of the three 

supernumerary nymphs obtained, one died during ecdysis, unable to shed the old cuticle, 
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one completed the molt but died in a few days, and the last one survived for 10 days but 

died trying to molt again. The effective doses to inhibit successful metamorphosis was 

about Illglnymph, and the lethal doses over 100llglnymph. 

Under our experimental conditions the length of the last larval instar in the control 

group was about 9 days (Table 3.8). Treatment with 100 or 10Ilg of fenoxycarb/nymph 

reduced the median by one day, whereas treatment with Illglnymph increased it by one 

day, but these medians were not significantly different from that of the control group. The 

average length of the last larval instar after treatment with IOIlg/nymph was almost two 

days larger than its median because the induction of one overaged nymph that required 22 

days to molt to adult. 

Crowded last instar nymphs are brown-pink with black patterns. Topical 

application of fenoxycarb induced a change in the coloration from brown-pink to green 

within a few days, without affecting the black pattern (Fig. 3.S). Even the lowest 

concentration tested of Illglnymph was able to induce cuticular chromotropism in 100% of 

the nymphs. 

Discussion 

All the juvenoids tested in last instar nymphs of S. americana induced similar 

morphological abnormalities, such as supernumerary nymphs, adultoids and adults with 

curled wings. However, the juvenoids varied considerably in potency, with fenoxycarb 

showing the most activity (IDSO = 1. 17Ilglnymph). The relatedjuvenoids pyrazole (IDSO 

= 99.221lg/nymph) and JH-286 (IDSO ::= 200Mglnymph) were about two orders of 

magnitude less active, and even less active than methoprene (rOSO = 10. 62Ilg/nymph). 

Synthetic JH-rll lacked any significant morphogenetic activity at all concentrations tested. 

In addition to the highest morphogenetic activity, fenoxycarb was the only juvenoid with a 

significant induction of mortality during the intermolt period (LOSO = 32.751lg!nymph). In 

those instances where mortality occurred, it happened near the end of the instar, when 

control nymphs started molting to the next instar, or as overaged permanent nymphs. 

Although fenoxycarb showed similar morphogenetic activity on last instar nymphs of S. 

gregaria (ID50 ::= IIlg/nymph), mortality was reduced at all concentrations tested (L050 > 
100Ilglnymph). The mortality in developing last instar nymphs of S. americana following 

topical application of fenoxycarb has been already reported (Bowers and Ortego, 1991). 

Since there was also a considerable delay in time between application of fenoxycarb and 
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mortality, we suggested that death must result from some as yet unidentified perturbation 

of metamorphosis associated with juvenile hormone activity rather than a direct toxic 

action (Bowers and Ortego, 1991). We have found that topical application of fenoxycarb 

on 4th and penultimate 5th instar nymphs of S. americana, at a time when juvenoids are 

not expected to have activity, induced mortality at the time of ecdysis in the same or 

following instars. Most nymphs died with the cuticle totally intact, apparently unable to 

undergo ecdysis, whereas a small percentage died during ecdysis because their inability to 

fully shed the old cuticle. These new results suggest that in addition to its morphogenetic 

activity, high concentrations of fenoxycarb are able to disrupt and prevent molting on 

young nymphs of S. americana. The larvicidal effect of juvenoids have been observed in 

several homopteran species, such as scale insects (Darvas and Zseller, 1985; Mendel and 

Rosenberg, 1988), mealy bugs (Vogel et al., 1976), psillids (Frischknecht et al., 1978), 

the milkweed bug, Oncopeltus /asciatus (Masner et al., 1981), and aphids (Kuhr and 

Cleere, 1973). In all cases, the affected nymphs died mainly at the time of ecdysis during 

the same or following instars. Most juvenoids also inhibit molting in young nymphs of the 

German cockroach, Blattella germanica (Hangartner and Masner, 1973; Masner et aI., 

1975; Das and Gupta, 1977; Vogel et al., 1979; King and Bennett, 1988). Masner et al. 

(1975) showed that the treated nymphs died at the next ecdysis trapped in the old cuticle, 

as a result of the interference of juvenoids with ecdysone biosynthesis that suppresses the 

ecdysone titers below that required for ecdysis, preventing the lysis of the old cuticle. 

Other groups of insects appear to be less susceptible to the larvicidal activity of juvenoids, 

although fenoxycarb has been reported to have lethal effects at high concentrations on 

young larvae of the lesser mealworm, Alphitobius diaperinus (Edwards and Abraham, 

1985), the tobacco budworm, Heliothis virescens (Masner et al., 1987) and the red 

imported fire ant, Solenopsis invicta (Banks et al., 1988). 

The morphological abnormalities induced by topical application of juvenoids in S. 

americana and S. gregaria are similar to those reported in other acridids using implanted 

CA (Ioly, 1960), injection of exogenous JHs (Roussel, 1975a, 1976a, 1977) and 

injection or topical application of juvenoids (Nemec et aI., 1970; EI-Refai et al., 1974; 

Roussel and Perron, 1974; Sehnal, 1976; Sehnal et al., 1976; Fagoonee, 1979; EI Guindy 

et al., 1981; Chen et al., 1993). However, mortality was always low, requiring high 

concentrations of juvenoids to achieve any kind of morphogenetic activity. EI Guindy et 

al. (1981) reported ID50s for topical application ofmethoprene, hydroprene and triprene 

on last instar nymphs of S. gregaria of 62, 40 and 32Jlg/nymph respectively. Our results 
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with fenoxycarb dramatize the superior activity of these analogs and indicate that this 

compound is one of the most effective juvenoids known for acridids. Only pyriproxyfen 

has been shown to possess a similar morphogenetic activity on last instar nymphs of L. 

migratoria, although mortality was low up to 50J.1g!nymph by topical application (de Kort 

and Koopmanschap, 1991). Only by injection of 120J.1g!nymph could they obtain high 

levels of mortality. It is important to recognize that different species may have vastly 

different susceptibilities to these compounds. We have shown that fenoxycarb is a potent 

juvenilizing agent in S. americana and S. gregaria, but only acts as a larvicide in S. 

americana. Apparently, the pyrazole analog possess a stronger morphogenetic activity than 

fenoxycarb in S. gregaria (Bowers, personal communication). The rate of penetration 

through the cuticle, transport to the target tissues, affinity for the receptors, and the rates 

of degradation and excretion may account for the differences in activity among juvenoids 

in a particular species. Another difference between species may be the viability of 

supernumerary nymphs induced by the action of juvenoids. Whereas some of the 

supernumerary nymphs in S. gregaria were viable, the molt to supernumerary nymphs in 

S. americana was always impaired and never completed because of their inability to shed 

the old cuticle. A strong positive relationship between wing twisting and sterility in female 

cockroaches of B. germanica treated as nymphs with fenoxycarb has been reported (King 

and Bennett, 1989), probably due to morphogenetic abnormalities in the external genitalia 

(Kramer, 1987). Although we have not studied the effects of fenoxycarb on the 

reproductive capacity of S. americana and S. gregaria, we have not noticed any apparent 

abnormality in the external genitalia of adults of both species with curled wings. 

It has been reported that in some insects juvenoids might possess prothoracicotropic 

activity, causing shortening of the length of the larval instars (review in Shima et aI., 

1974). However, in other cases exposure to juvenoids resulted in a prolonged larval 

instar, suggesting an antiprothoracicotropic activity (review in Vogel et al., 1979). Similar 

contradictory results have been reported for locusts. EI-Refai et al. (1974) showed that the 

injection of hydroprene into newly molted penultimate instar nymphs of S. gregaria 
increased the length of the next instar. On the other hand, injection of JH-III into new 

penultimate instar nymphs of L. migratoria (Roussel, 1975a), topical application of 

methoprene to newly molted last instar nymphs of the same species (Cotton and Anstee, 

1990), and topical application of methoprene on last instar nymphs of S. gregaria reduced 

the length of the treated instar. In addition, Nemec et aI. (1970) found that most nymphs 

of S. gregaria treated with juvenoids molted to adults one or two days earlier than the 
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controls, but in some cases the ecdysis was delayed by about two weeks. Similarly, 

injection of 501lg/nymph of pyriproxyfen into last instar nymphs of L. migratoria delayed 

molting, whereas injection of 2 or IOIlg/nymph induced molting 12 hours before than 

controls (de Kort and Koopmanschap, 1991). In all cases, the average increase or 

shortening in the duration of the larval ins tars was of a couple of days, and none of the 

authors indicated if these differences were statistically significant. We have found that high 

concentrations of the juvenoids fenoxycarb and JH-286 induced some overaged nymphs 

in S. americana, whereas the. length of the instar in the rest of the nymphs was not 

significantly affected. Most of these overaged nymphs tried unsuccessfully to molt into 

supernumerary nymphs after several weeks, but some resulted in permanent nymphs that 

survived two-three times as long as the controls before they died. On the other hand, 

treatment of last instar nymphs of S. gregaria with fenoxycarb at 10 and IOOIlg/nymph 

reduced the length of the instar in most nymphs by one day, whereas at Illg/nymph 

increased it by one day. However, in any case the differences were not statistically 

significant from the control group. Only one overaged nymph was induced, that molted to 

a normal adult. These observations are in agreement with our previous results that 

fenoxycarb and JH-286 increased the mean length of the last instar in S. americana 

(Bowers and Ortego, 1991), but in this study we failed to find a similar 

antiprotharicotropic activity for the pyrazole analog. Treatment of early instars of S. 

americana did not have any effect on the length of the treated instar, but some of the 

survivors become overaged nymphs at the next instar. King and Bennett (1988; 1989) 

showed that the duration of the last instar in the German cockroach was increased 2-3 

times in nymphs surviving treatment with 1O-IOOllg fenoxycarb, while remained 

unchanged at lower doses. Similar increases in the length of last nymphal instars caused 

by fenoxycarb have been found in the assassin bug Triatoma infestans (Picollo del Villar et 

al., 1987), the tobacco budworm (Mauchamp et al., 1989), and the lesser mealworm 

(Edwards and Abraham, 1985). In the case of the tobacco budworm there was even 

induction of permanent larvae. Complete inhibition of metamorphosis and ecdysis at the 

end of last larval instar that create permanent larvae that die without any attempt to ecdyse 

have also been reported in the German cockroach (Masner and Hangartner, 1973; Masner 

et al., 1981), the Indian meal moth, Plodia interpunctella (Silhacek and Oberlander, 1975), 

and the moths Spodoptera littoralis (Masner et al., 1981), and Ephestia cautella (Shaaya, 

1993). The induction of permanent larvae has been suggested to result from an inhibitory 

effect of juvenoids on ecdysteroid production, as observed in treated larvae of the German 
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cockroach (Masner et al., 1975), the wax moth, Galleria mellon ella (Sehnal et al., 1981), 

the beetle Dermestes maculatus (Delbecque and Shima, 1980), E. cautella (Shaaya et al., 

1986), and the butterfly Pieris brassicae (Vogel et al., 1979). This effect can be related to 

the inhibition by juvenoids of PTTH production by the brain in the tobacco hornworm, 

Manduca sexta (Nijhout and Williams, 1974), G. mellonella (Sehnal et al., 1981), and the 

cabbage armyworm, Mamestra brassicae (Hiruma et al., 1978), which in turn prevents the 

secretion of ecdysone. Treatment of early last larval instar of E. cautella with methoprene 

not only prevented the normal rise in ecdysteroid titers at the end of the instar, but also an 

increase in the activity of chitinolytic enzymes (Shaaya, 1993). Whether the ecdysial stasis 

caused by juvenoids is due to inhibition of prothoracicotropin or by direct inhibition of 

ecdysone biosynthesis remains to be determined. 

We have found that treatment of penultimate 5th instar nymphs of S. americana 

with high concentrations of fenoxycarb resulted in morphogenetic abnormalities at the time 

of adult ecdysis. Delayed effects from treatment of young larvae with juvenoids have been 

reported in several insect species (Lohri-Kuelin and Masner, 1981; Kadono-Okuda et al., 

1986). Even treatment of embryonic stages with juvenoids can induce morphogenetic 

abnormalities at the time of metamorphosis (Riddiford, 1970a, b). It has been suggested 

that these delayed effects may be associated with a modification of the CA activity 

(Riddiford, 1970a, b; Riddiford and Truman, 1972), and/or by the persistence of 

juvenoids in treated insects (Willis and Lawrence, 1970; Shima and Socha, 1979). 

Recently, Mauchamp et al. (1989) showed that larvae of H. virescens fed with 

radiolabelled fenoxycarb at the first day of the penultimate instar suffer morphological 

abnormalities during metamorphosis, although all of the fenoxycarb had been excreted 

during gut purge before molting to the last instar. In addition, Nemec and Jarolim (1981) 

showed that famesane-type juvenoids applied topically to newly molted last instar nymphs 

of L. migratoria were excreted very rapidly, with about 50% of the applied doses excreted 

during the first 24 hours after treatment. These experiments are in agreement with the 

hypothesis of mediation through the reprograming of the CA and perhaps other 

components of the endocrine system. On the other hand, some juvenoids appear to escape 

the degradation mechanisms of certain insects and exert their agonist action constantly. 

After topical application of radiolabelled methoprene to newly molted last instar larvae of 

the silkworm, Bombyx mori, only 55% of the compound was eliminated in the feces at the 

time of pupal ecdysis (Akai and Tamura, 1985). It has been shown that fenoxycarb, 

methoprene and hydroprene are not metabolized by JH-esterases, even though they induce 
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the esterase activity for the natural hormone in the Colorado potato beetle, Leptinotarsa 

decemlineata (Kramer, 1978), and the summer fruit tortrix moth, Adoxophyes reticulana 

(Masner et al., 1983). Furthermore, treatment of M. sexta larvae with the juvenoid 

fenoxycarb suppressed the levels of natural JH to almost zero, although the insect 

ultimately displayed morphological abnormalities associated with an excess of JH (Baker 

et aI., 1986). These results are consistent with a negative feed-back system in which an 

excess of JH or juvenoids depresses JH biosynthesis by the CA. Similar effects have been 

observed in larvae of M. sexta (Kramer and Staal, 1981; Edwards et aI., 1983) and L. 

decemlineata (Schooneveld et aI., 1979), and adult females of the cockroaches Periplaneta 

americana (Ratna et aI., 1992) and Diploptera punctata (Tobe and Stay, 1979). We were 

surprised to find that the treatment with 10Jlg of fenoxycarb to 4th and 6th instar nymphs 

of S. americana totally prevented their successful development to normal adults, but the 

same concentration lacked activity in penultimate 5th instar nymphs. We think that this 

might be explained by a difference in the thresholds required for the larvicidal and 

morphogenetic activities of this compound, and its gradual inactivation and excretion by 

the nymphs. In 4th instar nymphs the concentration is larvicidal, inhibiting ecdysis in all 

nymphs during the same or following in s tar. In the larger 6th instar nymphs the 

concentration is insufficient to have larvicidal activity, but enough to produce disturbances 

at metamorphosis. Finally, in the also larger 5th instar the concentration is not larvicidal, 

and the nymphs have two instars in which metabolize enough of the juvenoid below the 

dose at which it is able to disrupt adult ecdysis. 

We have found that the juvenoids tested induced green pigmentation in nymphs of 

S. americana and S. gregaria. The chromotropic effect induced by the administration of JH 

and juvenoids on crowded nymphs of locusts is a well known phenomena (Roussel, 

1975a, b; 1976a; Sehnal, 1976; Hussein et al., 1981; Chen et aI., 1993). In all cases, the 

pigmentation turned green, similar to that reported as characteristic of the solitary phase of 

locusts (Uvarov, 1966; Pener, 1991). However, the green-color inducing effect of JH is 

not confined to locusts and phase polymorphism. Many grasshoppers exhibit green-brown 

polymorphism (Uvarov, 1966; Rowell, 1971), and implantation of extra CA into nymphs 

(Ioly, 1952; Rowell, 1967) or treatment with juvenoids (Bowers and Ortego, 1991) also 

promotes the green color in these species. When 10 Jlg/nymph of fenoxycarb was applied 

to 4th and penultimate 5th instar nymphs of S. americana the coloration first turned 

greenish, but reverted progressively to that of controls after molting, probably as the 

juvenoid was being inactivated, supporting the concept that green coloration is regulated 
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by JH in natural conditions. Sehnal (1976) found that the application of juvenoids in late 

penultimate instar of S. gregaria caused the loss of dark pigment after the next molt, also a 

characteristic of the solitaria phase. We have not found similar losses of melanization after 

molting in S. americana. As in previous studies with topical application of juvenoids 

(Sehnal, 1976), chromatotropic activity was observed at lower concentrations than 

morphogenetic activity, possibly because the target site for the chromotropic activity is in 

the integument and topical application brings the hormone directly to the site of action. 

The morphological differences between gregarious and solitary locusts are mainly 

quantitative and usually studied by changes in the morphometric ratios ElF (length of 

forewing/length of hind femur) and F/C (length of hind femur/greatest width of head) at 

the adult stage (Dirsch, 1953; Uvarov, 1966). During locust phase transformation of 

solitary to gregaria phase the ElF ratio increases and the F/C ratio decreases. The injection 

of JHs or the juvenoid hydroprene into penultimate instar nymphs of S. gregaria in 

gregaria phase, induced a shift towards the solitary values, although within the limits of 

the gregaria phase (Joly and Mayer, 1970; EI-Refai et al., 1974). The morphometric ratios 

ElF and F/e of the resulting adults in our study with S. americana were not affected 

following the treatments of 4th, 5th or 6th instar nymphs. These differences can be 

explained because in S. americana there is no phase transformation, and therefore 

morphometric ratios are independent of JH activity. 

There is enough evidence to suggest that a tendency to respond to density, in a way 

similar to phase polymorphism in locusts, occurs in different grasshopper species 

(Uvarov, 1966). There is a gradation, from species in which no tendency to phase 

polymorphism is known to those which respond to density by substantial changes in 

pigmentation, morphology, physiology and behavior. The two extreme categories are 

connected by a series of intermediate species, in which only some manifestation of phase 

polymorphism has been observed. Our results suggest that S. americana belongs to the 

last group, responding to density or JH by some changes in their pigmentation. However, 

the morphometrics ratios are not affected by JH. In addition, no swarming behavior is 

observed, even when they concentrate in huge numbers, as during the outbreak of 1991 in 

Florida (Thomas, 1991). This means that S. americana, as with other grasshoppers, 

posses the potential to respond to density by changes in certain components of phase 

polymorphism, but lack the genetic capability to undergo a complete phase transformation, 

an inherent property of locusts. 
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To summarize, we find that fenoxycarb possesses the highest biological activity of 

several aromatic juvenoids tested on last instar nymphs of S. americana, and that this 

insect is a good model for studies of insect growth regulators. Except for a reduced 

larvicidal action, similar levels of activity, were obtained when fenoxycarb was tested on 

the desert locust Since all of the juvenoids tested were developed in synthetic optimization 

efforts guided by biological assays with insects other than acridids, it is unlikely that their 

performance on locusts and grasshoppers is representative of the highest degree of activity 

obtainable. With fenoxycarb as an active model, synthetic optimization efforts based on 

biological evaluations with acridids should permit rapid discovery of more active insect 

growth regulators that may impact favorably on locust control. Additional investigations of 

the effects of juvenoids on acridid behavior, feeding, flight, mating, reproduction and 

embryogenesis are needed to fully exploit the potential for juvenile hormone based insect 

growth regulators. 
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Figure 3.1.- Chemical structure of the natural juvenile hormone, JH-III, methoprene, the first JH analog 
developed as a comercial product, and the 4-phenoxy-phenoxy juvenoids, fenoxycarb, JH-286and a new 
pyrazole analog. 

0\ 
00 



W 
en 
+1 
Q) 
~ 

0 
u 
en 
Q) 
C) 
co 
~ 
Q) 

> 
<C 

w 
en 
+1 
Q) 
~ 

o 
u 
en 
Q) 
C) 
co 
~ 
Q) 

> 
<C 

69 

4 Methoprene (llg/nymph) 

3 .. 200119 
c 100119 
• 50119 

2 a 10119 

* 5119 
6 1119 

1 - --0-- Control 

0 
0 2 4 6 8 1 0 1 2 1 4 1 6 

Days after treatment 

4 
JH-III (llg/nymph) 

3 

• 200119 
c 100119 

2 • 50119 --0-- Control 

O+-~~r-r-~~-'~~~~~~~~ 

0246810121416 

Days after treatment 

Figure 3.2.- Cuticular pigmentation in last instar nymphs of S. americana following 

treatment with JH-ill and methoprene. Each point in the graphic is the average of about 20 

nymphs scored according to the following criteria: 1) brown-grey or pink; 2) light green or 

yellow; 3) green; and 4) bright green. 
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Figure 3.3.- Cuticular pigmentation in last instar nymphs of S. americana following 

treatment with fenoxycarb, JH-286 and a pyrazole analog. Each point in the graphic is the 

average of about 20 nymphs scored according to the following criteria: 1) brown-grey or 

pink; 2) light green or yellow; 3) green; and 4) bright green. 
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Figure 3.4.- Cuticular pigmentation in nymphs of S. americana following treatment 

with fenoxycarb of 4th, 5th and 6th instar nymphs. Each point in the graphic is the 

average of the surviving nymphs scored according to the following criteria: 1) brown-grey 

or pink; 2) light green or yellow; 3) green; and 4) bright green. 
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Figure 3.5.- Cuticular pigmentation in last instar nymphs of S. gregaria following 

treatment with fenoxycarb. Each point in the graphic is the average of about 10 nymphs 

scored according to the following criteria: 1) brown-grey or pink; 2) light green or yellow; 

3) green; and 4) bright green. 



Doses Dead before Dead at Supernumerary Adults with Normal 
(ul!/nvmnh) N. ecdysjs ~£dy~j~ nymphs Adul1Qjd~ !;uIled wi!ll:~ adults 

JH·m 
200 20 2 3 15 
100 19 2 1 16 
50 20 2 18 

Control 20 2 1 17 

Methoprene 
200 19 1 3 15 
100 20 1 1 13 2 3 
50 18 2 13 1 1 
10 20 1 5 3 11 
5 19 1 3 15 
1 20 1 1 18 

Control 19 19 

Fenoxycarb 
200 30 11 19 
100 19 9 9 1 
50 20 6 4 10 
10 19 2 14 2 1 
5 20 2 1 2 8 6 
1 20 1 9 9 

0.1 20 4 15 
Control 30 2 2 25 

JH·286 
200 20 1 5 1 6 7 
100 18 2 2 1 1 12 
50 20 2 2 16 

Control 19 2 1 16 

Pyrazole analog 
200 19 4 8 3 3 
100 18 1 8 5 4 
50 19 2 1 15 

Control 20 2 17 

Table 3.1.- Morphogenetic activity of JH-III and the juvenoids methoprene, fenoxycarb, JH-286 and a new pyrazole analog 
topically applied to last instar nymphs of S. americana. -....l 
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ComPQulld LDSO (bLglnymph) IDSO (bLg/nymph) EDSO (bLg/nyrnph) 

JH-III >200 >200 ~SO 

Methoprene >200 10.62 1.49 

Fenoxycarb 32.7S 1.17 1.17 

JH-286 >200 ~200 <SO 

Pyrazole analog >200 99.22 <SO 

Table 3.2- Lethal doses (LDSO), effective doses to inhibit successful metamorphosis (IDSO) and 

effective doses to induce cuticular chromotropism (EDSO) of JH-III and some juvenoids topically 

applied to last instar nymphs of S.americana. 
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Doses Dead during Dead at 4- Dead during Dead at 5- Dead during Dead at 6th- Supernumerary Adults with Normal 
(ul!/nvmDh) N. 4th in slat Slh ecdysis Slh inslar 6th ecdysis 6th instar Adult ecdysis D.llIll!.h1 Aduitoids curled wines rulY..l.Ls. 

4th instar 

200 10 7 2 
10 10 5 2 3 

Control 10 I 9 

5th instar 

200 10 3 2 2 3 
10 10 1 8 

Control 9 8 

6th instar 

200 10 2 8 
10 10 2 1 7 

Control 10 10 

Table 3.3.- Morphogenetic activity of fenoxycarb topically applied to 4th, 5th and 6th instar nymphs of 
S.americana. 
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DQ~~~ , N M~i\n+SE M!;aliS!n 
(Ilg/n ymph) 

JH-III 
200 20 17,6±0.4 17.5 (A) 
100 17 17,8±0.5 17 (A) 
50 20 17,6±0,5 17 (A) 

Control 18 17,2±0,6 17 (A) 

Methoprene 
200 18 18,5±0,6 18 (A) 
100 19 18,2±0,6 18 (A) 
50 16 18.3±0,6 18 (A) 
10 19 19,9±0,5 20 (A) 
5 18 19,6±0,5 19,5 (A) 
1 19 19.4±0.4 19 (A) 

Control 19 19,2±0,5 19.5 (A) 

Fenoxycarb 
200 19 33,0±2,9 28 (A) 
100 10 24,8±2,1 20.5 (B) 
50 14 22,3±1.4 19,5 (B) 
10 19 20.4±0,7 21 (B) 
5 19 22,0±1.4 20 (B) 
1 19 20,2±0,7 20 (B) 

0,1 20 18,9±0.4 19 (B) 
Control 28 19,9±0,5 20 (B) 

JH-286 
200 19 25,2±1.9 22 (A) 
100 16 22,6±0,9 21.5 (A) 
50 20 21.5±0.4 21.5 (A) 

Control 17 21.6±0,6 21 (A) 

Pyrazole analog 
200 15 22,1±0,5 22 (A) 
100 17 21.6±0,6 21. (A) 
50 18 21.5±0,6 21.5 (A) 

Control 18 21.3±0,6 21.5 (A) 

Table 3.4.- Length of the last nymphal instar of S, americana following topical 

application of JH-III and the juvenoids methoprene, fenoxycarb, JH-286 and a 

pyrazole analog on newly molted last instar nymphs, Medians with the same 

capital letter within each treatment group are not significantly different from 

each other (ex= 0.20, Kruskal-Wallis test). 
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_ Length of 4th instar Length of 5th instar Length of 6th instar 

Doses N Mean+SE Median N Mean+SE Median N Mean±SE Median 
(J.Lg/nymph) 

4th instar 

200 3 16.3±0.7 17A 1 21 21A 

10 5 15A±0.9 15A 

Control 9 14.8±0.6 15A 9 15.9±OA 16A 9 20.1±0.5 20 

5th instar 

200 7 16.9±1.1 17A 3 26.3±3.5 25A 

10 9 16.0±0.7 17A 9 20.7±OA 20B 

Control 9 15.9±0.5 16A 9 21.0±0.9 21B 

6th instar 

200 8 28.3±3.5 26A 

10 10 19.8±OA 20B 

Control 10 19.3±0.5 19B 

Table 3.5.- Length of nymphal instars of S. americana following topical application of fenoxycarb on newly molted 4th, 5th and 

6th instar nymphs. Medians with the same capital letter within each group are not significantly different from each other (a.= 0.20, 

Kruskal-Wallis test for multiple comparations; and a.= 0.05, Mann-Whitney-Wilcoxon test for two samples comparations). 
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Males Females 

Doses N ElE (MeantS El FlC (Mean;t;SEl Ii ElE1M~n±S£) F/C_ (Mean±SE) 
(Ilg/nymph) 

JH·III 
200 7 1.70±0.01 4.93±0.OS 8 1.72±0.02 4.82±0.04 
100 8 1.68±0.02 4.89±0.OS 8 1.71±0.02 4.92±0.OS 
SO 8 1.70±0.01 4.92±0.04 10 1.69±0.01 4.94±0.06 

Control 8 1.70±0.01 4.87±0.07 9 1.70±0.01 4.90±0.04 
Methoprene 

100 2 1.67±0.04 4.87±0.04 1.74 4.97 
SO 1 1.66 4.77 
10 S 1. 69±0.03 4.90±0.03 6 1.69±0.02 4.92±0.07 
S 6 1.68±0.02 4.91±0.OS 9 1.69±0.01 4.90±0.06 
1 9 1.71±0.01 4.9S±0.04 9 1. 69±0. 0 1 4.91±0.OS 

Control 9 1.69±0.02 4.89±0.OS 10 1.70±0.01 4.93±0.06 
Fenoxycarb 

10 1 1.7S 4.81 
S 3 1.71±0.03 4.88±0.11 3 1.70±0.03 4.8S±0.09 
1 4 1.72±0.01 4.87±0.06 S 1.73±0.02 4.97±0.06 
0.1 6 1.71±0.01 4.83±0.06 9 1.72±0.02 4.91±0.OS 

Control 14 1.71±0.02 4.82±0.04 12 1.69±0.02 4.90±0.OS 
JH·286 

200 3 1.70±0.01 4.9S±0.02 4 1.69±0.01 4.98±0.04 
100 8 1.69±0.01 4.90±0.OS 4 1.69±0.01 4.91±0.OS 
SO 8 1.69±0.01 4.9S±0.03 8 1.69±0.01 4.86±0.OS 

Control 7 1.70±0.01 4.92±0.03 9 1.69±0.01 4.87±0.04 
Pyrazole analog 

200 1 1.67 S.OO 2 1.67±0.01 4.96±0.01 
100 3 1.69±0.03 4.7S±0.07 1.68 4.86 
SO 8 1.69±0.01 4.94±0.OS 7 1.7l±0.01 4.93±0.07 

Control 7 1.69±0.01 4.90±0.07 10 1.69±0.01 4.94±0.03 

Table 3.6.- Morphometric ratios ElF (length of forewing/length of hind femur) and F/e (length of hind femur/greatest width of head) in 
adult males and females developing after treatment of last instar nymphs of S. americana with JH-I11 and the juvenoids methoprene, 
fenoxycarb, JH-286 and a pyrazole analog. '-l 
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Doses N ElF (Mean+SE) FtC (Mean+SE) 
(J..lg/nympb) 

4th instar 

200 
10 

Control 9 1.69±0.01 4.92±0.03 

5th ins tar 

200 
10 8 1.70±0.01 4.91±0.06 

Control 8 1.70±0.01 4.87±0.06 

6th instar 

200 
10 

Control 10 1.70±0.01 4.91±0.04 

Table 3.7.- Morphometric ratios ElF (length of forewing/length of hind femur) 

and F/C (length of hind femur/greatest width of head) in adults of both sexes 

developing after treatment of newly molted 4th, 5th and 6th instar nymphs of 

S.americana with fenoxycarb. 
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A 
Doses Dead before Supernumerary Adults with Normal 

("g/nymph) N ecdysis nymphs Adultoids ~urled_wings adults 

100 10 3 7 
10 10 2 7 1 
1 10 2 3 5 

Control 10 10 

B 
Doses 

C"g/nymph) N Mean±SE Median 

100 10 8.5±0.2 8A 

10 8 9.9±1.7 8A 

1 10 10.6±0.5 lOB 

Control 10 9.1±0.2 9AB 

Table 3.8.- A) Morphogenetic activity of fenoxycarb topically applied to last instar nymphs of S. gregaria. B) Length of 

the last nymphal instar of S. gregaria following topical application of fenoxycarb on newly molted last instar nymphs. 

Medians with the same capital letter are not significantly different from each other (0.= 0.20, Kruskal-Wallis test). 

00 
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CHAPTER 4 

EFFECI'S OF FENOXYCARB ON THE CY ANOPROTEIN HEMOLYMPH PA TIERN 

OF S. AMERICANA AND S. GREGARIA 

Introduction 

Green coloration of hemolymph and integument in insects is often due to the 

combination of protein-bound blue bile pigments (biliproteins), and yellow, 

carotenoid-protein complexes (Kawooya et al., 1985; Kayser, 1985). Insecticyanin, in 

pupal hemolymph of the tobacco hornworm, Manduca sexta, was the fIrst biliprotein 

isolated and characterized from insects (Cherbas, 1973). Insecticyanin is a tetrameric 

protein (Mr 72,000) with identical subunits (Mr 21,000), each of which binds 

non-covalently one molecule of biliverdin IX 'Y (Riley et al., 1984; Goodman et al., 1985; 

Holden et aI., 1987). A biliprotein with similar characteristics has been isolated from 

whole adult extracts of the large white butterfly, Pieris brassicae (Huber et al., 1987a,b). 

A last instar larval-specifIc biliprotein was isolated from the hemolymph of larvae of the 

corn earworm, Heilcoverpa zea (Haunerland and Bowers, 1986). The chromoprotein was 

shown to be a very high density lipoprotein, and characterized as a tetramer (Mr 560,000) 

with identical subunits (Mr 150,000). A related protein was subsequently described from 

the hemolymph of last instar larvae of the cabbage looper, Trichop/usia ni (Jones et al., 

1988). Four biliproteins have been found in the hemolymph of the bean bug, Riptorsus 

clavatus (Chinzei et al., 1990; 1991a). All of the bean bug biliproteins appear to be 

hexamers (Mr=320,OOO) composed by different combinations of two subunits of identical 

size (Mr 76,000). Recently, Haunerland et al. (1992) demonstrated that lipophorin acts as 

a biliverdin binding protein in the hemolymph of adults of the spined soldier bug, Podisus 

maculiventris. 

The green coloration of the integument and hemolymph of solitary hoppers of the 

African migratory locust, Locusta migratoria, and the desert locust, Schistocerca gregaria, 

also results from the mixture of biliproteins and yellow chromoproteins (Goodwin and 

Srisukh, 1951; Goodwin, 1952; Passama-Vuillaume, 1965; Rothschild et aI., 1977). 

Chino et al. (1983) isolated and characterized a biliprotein from the hemolymph of adults 

of L. migratoria. This protein was characterized as a tetramer (Mr 350,(00), in which each 

subunit (Mr 83,(00) binds two molecules of biliverdin. Subsequently, however, de Bruijn 
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et al. (1986) and de Kort and Koopmanschap (1987a) reported a native molecular weight 

of 465,000 and a hexameric configuration for the same protein. 

During the course of our studies on the biological activities of different JH-agonists 

on the desert locust and the American grasshopper, Schistocerca americana (Chapter 3), 

we noticed that treatment with juvenoids induced changes in the pigmentation of the 

hemolymph and cuticle. We report here the isolation and characterization of the biliproteins 

present in the hemolymph of the American grasshopper and the desert locust, and the 

effects of the juvenoid fenoxycarb on the hemolymph biliproteins pattern. 

Materials and methods 

Chemicals: 
Fenoxycarb [EthyI2-(4-phenoxy-phenoxy) ethyl carbamate] was provided by Maag 

agrochemicals (technical 97%). Synthetic JH-III [cis-l0,II-epoxy-3,7,II-trimethyl

trans,trans-2,6-dodecadienoic acid methyl ester] was purchased from Sigma (technical 

80%). The anti-JH precocene-2 [6,7-dimethoxy-2,2-dimethyl chromene] was synthesized 

in our own laboratory. All other chemicals and solvents were of analytical grade and 

obtained from various commercial suppliers. 

Insects: 

Stock populations of S. americana and S. gregaria were reared under crowded 

conditions as described elsewhere (Chapter 2). 

Hemolymph pigmentation of S. americana: 
Adults and last instar nymphs of each sex were bled to obtain a sample containing 

50J..LI of hemolymph in 50J..LI of collection buffer from each specimen. The absorbance 

spectrum of the hemolymph samples were determined by scanning in the UV -visible 

region between 250 and 750nm. In all cases, ultracentrifugation of the hemolymph 

samples in a potassium bromide density gradient (33-44.5% KBr) according to the method 

of Haunerland et al. (1986) yielded two visible fractions, a high density blue band and a 

low density yellow band, which were withdrawn from the tubes to determine their 

'absorbance spectra. 

Changes in the hemolymph pigmentation throughout development were studied by 

taking hemolymph samples at different physiological stages. First, third, and penultimate 
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fifth instar nymphs, and mature adults were bled to obtain samples of 40J.Ll of hemolymph 

in 160JlI of collection buffer. To obtain two samples of 40JlI from first instar nymphs it 

was necessary to bleed 44 and 45 specimens respectively. In the same way, four samples 

from third instar nymphs were obtained by bleeding 14, 17, 15, and 15 specimens. 

Penultimate fifth instar nymphs and adults have enough hemolymph to obtain a sample of 

40JlI from a single specimen. Ten samples, five from each sex, were obtained from 

penultimate instar nymphs, and another ten samples from adults. Since all the hemolymph 

samples proved to have the same absorption maxima in the visible region at 457 and 

667nm, we decided to read at these two wavelengths instead of scanning the entire visible 

region of the spectrum. 

Extraction of hemolymph.- Hemolymph was extracted from grasshoppers by making an 

incision in the junction of one of the hind legs with the thorax and aspirating the 

hemolymph out with a micropipette. The hemolymph was immediately mixed with ice cold 

collection buffer, and the sample was spun for 5 minutes in a microfuge at 5,000 rpm to 

remove cellular components. The collection buffer consisted of phosphate buffered saline 

(pBS, lOmM potassium phosphate, 150mM sodium chloride, pH 7.2), containing O.lmM 

phenylmethylsulfonyl fluoride (PMSF) as protease inhibitor, and ImM phenylthiourea 

(PTU) as an inhibitor of polyphenol oxidases. 

Ultracentrifuf:ation.- Density gradient ultracentrifugation was carried out in a potassium 

bromide density gradient by the method of Haunerland et al. (1986). To obtain the 

33-44.5% KBr density gradient, potassium bromide was added to 2.5ml of hemolymph 

sample plus PBS to a final concentration of 44.5% KBr. The sample was then overlaid in 

a 5ml Quick Seal tube (Beckman, Fullerton, CA) with 2.5ml of 33% KBr in PBS. 

Samples were centrifuged at 65,000 rpm for 4 hours in an L8-70M preparative 

ultracentrifuge (Beckman, Fullerton, CA), using a VTi 65.2 rotor. The visible fractions 

were withdrawn from the tubes with a syringe. 

Absorbance spectrum.- Multiwavelength readings at 457 and 667nm and scannings in the 

range 250-750nm of the hemolymph samples were carried out with a DU-64 

spectrophotometer (Beckman, Fullerton, CA). 

Chromotropic activity of fenoxycarb on hemolymph pigmentation of S. 

americana: 

Newly molted last instar nymphs of S. americana were submitted to one of the 

following experimental treatments: 1) Topical application of 200, 50,10,5, or IJlg of 
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fenoxycarb/nymph; 2) Contact application of 10 or 2SJlg of precocene-2/cm2 for 24 hours; 

and 3) Contact application of 2SJlg ofprecocene-2/cm2 for 24 hours, followed by topical 

application of 200Jlg of fenoxycarb/nymph. Newly molted adults were also tested by: 1) 

Topical application of 200Jlg of fenoxycarb/adult; and 2) Contact application of 10 or 

2SJlg of precocene-2/cm2 for 24 hours. Each concentration of fenoxycarb was 

conveniently adjusted to 10 JlI of the diluent solution hexane: mineral oil: acetone (4:1:S 

v/v/v), and applied topically with a microsyringe on the abdominal sternum of nymphs and 

adults. Precocene-2 was disso~ved in 1ml of acetone to uniformly cover the bottom of a 

petri dish with 4.5cm of radius. After the acetone evaporated, a grasshopper was confmed 

in the petri dish for 24 hours. Controls were maintained for 24 hours in a petri dish treated 

only with acetone, and treated topically with lOJlI of the diluent solution. Each treatment 

was tested on 10 nymphs and adults, composed of five males and five females. Nymphs 

and adults were maintained in groups of five per cage as described elsewhere (Chapter 3). 

After 16 days, 40JlI of hemolymph was extracted from each specimen and pooled with 

those of the same sex, physiological stage, and type of treatment to obtain samples of 

200JlI of hemolymph in 800JlI of collection buffer. The absorbance spectra of all samples 

were obtained by scanning between 2S0 and 7S0nm. 

The temporal pattern of variation in the hemolymph pigmentation following 

treatment with fenoxycarb was studied. Newly molted last instar nymphs were treated 

topically with 100, 10, or 1Jlg of fenoxycarb/nymph in SJlI of diluent solution. Controls 

were treated topically with SJlI of the diluent solution alone. Each treatment was tested on 

12 groups of nymphs, containing 3 males and 3 females. The nymphs of each group 

were bled once, at one of the following times: 2,4,6,8, 10, 12, 14, 16, and 18 days post 

treatment; and 0-1, 3-S, 7-10 days after molting to the adult stage. A sample was also 

taken at day 0, previous to the application of fenoxycarb. About 40JlI of hemolymph were 

extracted from each specimen and pooled with those of its same type of treatment and age 

group to get samples of 200JlI of hemolymph in 800JlI of collection buffer. The 

absorbance spectrum of all the samples was analyzed by reading at 4S7 and 667nm. The 

cuticular pigmentation of controls and treated nymphs was also examined at the time of 

bleeding. Each specimen received a score according to the following scoring system: 1) 

Brown-grey or pink coloration typical of controls; 2) Light green or yellow; 3) Green; and 

4) Bright green. 

In a related experiment, newly molted last instar nymphs were treated topically with 

multiple applications of 100,10, and 1Jlg offenoxycarb/nymph at 0, 1,2,4,8, and 16 
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days after ecdysis. Controls were treated with the diluent solution only the same number 

of times. Each treatment was tested on five groups of nymphs, each containing three males 

and three females. The nymphs of each group were bled once, at one of the following 

times: 2,4,8, and 16 days after ecdysis; and 3-5 days after molting to the adult stage. A 

sample was also taken at day 0, previous to the application of the first doses of 

fenoxycarb. Samples of 40JlI of hemolymph in 160JlI of collection buffer were collected 

from single specimens to read their absorbance at 457 and 667nm. The cuticular 

pigmentation at the time of bleeding was evaluated according to the scoring system 

described above. 

Newly molted adults were treated topically with lOOJlg of fenoxycarb in 5JlI of 

diluent solution, or with the diluent solution alone. Both types of treatments were tested 

on 12 groups of adults, each containing 6 males and 6 females. The adults of each group 

were bled once, at one of the following times: 1,2, 4, 6, 8, 10, 14, 18, 22, 26, 30, and 

40 days post-treatment. A sample was also taken at day 0, previous to the treatments. 

Samples of 40JlI of hemolymph in 160JlI of collection buffer were collected from single 

specimens, obtaining 6 samples per each sex, type of treatment, and age group. The 

absorbance at 457 and 667nm was read for each sample. The cuticular pigmentation of 

each adult was recorded at the time of bleeding, and scored according to the following 

scoring system: 1) pink-brown coloration typical of newly emerged adults; 2) brown-grey 

coloration typical of immature adults; and 3) light :yellow coloration typical of mature 

adults. 

In order to determine the effects of fenoxycarb on the hemolymph protein titers, 

newly molted last instar nymphs and adults of both sexes were treated topically with 

lOOJlg of fenoxycarb or with 5JlI of diluent solution alone. After 12 days samples of 40JlI 

of hemolymph in 160Jll of collection buffer were collected individually from 6 specimens 

for each treatment type. The protein content was determined spectrophotometrically by a 

modified version of the Lowry protein-assay according to Peterson (1983), using bovine 

serum albumin (BSA) as standard. 

The extraction of hemolymph from the grasshoppers and the absorbance spectra of 

the hemolymph samples was performed as described above. 
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Purification and characterization of chromoproteins from the hemolymph 

of S. americana: 
Extraction of hemolymph.- Hemolymph was collected from 5-10 day old last instar 

females by the flushing out method (Chinoet al, 1981). A bleeding solution was injected 

into the abdomen until it was fully stretched. After cutting one of the hind legs, 

hemolymph was flushed out by squeezing the abdomen. The bleeding solution consisted 

of phosphate buffered saline (PBS, 10mM potassium phosphate, 150mM sodium 

chloride, pH 6.8), containing lOmM ethylenediaminetetraacetic acid (EDTA) as a metal 

chelator, lOmM glutathione as a reducing agent, O.lmM PMSF, and ImM PTU. The 

pooled hemolymph was spun at 5000rpm for 5 min to remove cellular components. 

Ultracentrifugation.- Density gradient ultracentrifugation was carried out as described 

above to obtain 33-44.5% and 1-33% KBr density gradients in 40ml Quick Seal tubes 

(Beckman). Hemolymph samples were centrifuged at 50,00Orpm for 17 hours at 5QC in a 

L8-70M preparative ultracentrifuge (Beckman, Fullerton, CA), using a VTi 50 rotor. 

Visible fractions were withdrawn from the tubes with a syringe. The potassium bromide 

contained in the fractions after ultracentrifugation was eliminated by dialysis overnight in 

PBS, using a molecular porous membrane Spectra/Por 3 (Spectrum Medical Industries, 

Los Angeles), with a molecular weight cut off of about 3,500 daltons. 

Density of ultracentrifugation fractions.- The density (p) was determined measuring the 

refractive index of KBr at 252C (IIo25), and using the conversion p = 6.4786 IIo25 -

7.6431. 

ElectTophoTesis.- Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was carried out according to Laemmli (1970) in 7.5% gradient gels. The 

gels were run at constant voltage (150 volts) and 4QC in a SE200 Mighty Small vertical 

slab unit (Hoefer Scientific Instruments, San Francisco, California). Similarly, 

Native-PAGE was carried out in 3-15% gradient gels or 5% gels, and run at constant 

voltage (150 volts) and 42 C. Protein standards were used for molecular weight 

determination of native proteins (HMW Pharmacia, Uppsala, Sweden) and its subunits 

(SDS-6H Sigma, St. Louis). Calibration curves were constructed by plotting the relative 

mobilities (Rf values) of the standard proteins against the logarithms of their 

corresponding molecular weights. Both types of gels were stained with 0.1% Coomassie 

Brilliant Blue R250 in acetic acid: methanol: water (1:5:4) overnight, and destained with 

acetic acid: methanol: water (1 :5:4). 

Protein determination in lipO,phorin.- For protein determination, the lipids were removed 

from isolated Lp by precipitating the protein with trichloroacetic acid (TCA) to 5% 
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according to Retz and Steele (1977). The precipitated protein was resuspended in NaOH 

0.25 M solution, and the protein content detennined by the protein assay described above. 

Lipid determination in Iipophorin.- For lipid determination the lipids were extracted from 

isolated Lp with chloroform: methanol (1:2 v/v) according to Bligh and Dyer (1959), and 

the lipid content determined spectrophotometrically by the sulfophosphovanillin reaction 

according to ZOllner and Kirsch (1962), using cholesterol as standard. For qualitative 

analysis of the different lipid classes, the extracted lipids were separated by thin layer 

chromatography (TLC) on Silica Gel 60 F-254 plates (Merck, Darmstadt). Neutral lipids 

were separated using the solvent system hexane: diethyl ether: acetic acid (80:20:1 v/v/v). 

Polar lipids were separated by two dimensional TLC using as the flrst solvent system 

chloroform: methanol: 30% ammonium hydroxide (65:35:5 v/v/v), and as the second 

solvent system chloroform: acetone: methanol: acetic acid: water (10:4:2:2:1 v/v/v/v/v). 

Compounds were visualized in both cases by spraying the plates with 50% sulfuric acid in 

water and heating at 110QC for several minutes. For the neutral lipids system cholestery I 

oleate (cholesterol ester), triolein (triacylglycerol), oleic acid (fatty acid), cholesterol, 

tripalmitin (triacylglycerol), dipalmitin (diacylglycerol), monopalmitin (monoacylglycerol), 

and p-carotene were used as standards. For the two dimensional TLC the phospholipids 

phosphatidylinositol, phosphatidylserine, phosphatidylcholine, phosphatidylglycerol, and 

phosphatidylethanolanine were used as standards. 

Chromophore analysis in Iipqphorin.- Lipids containing the chromophore were extracted 

from isolated lipophorin with chloroform and methanol as described above. Carotenoid 

content was determined spectrophotometrically by reading absorbance of the lipid extract 

in chloroform at 462nm with p-carotene as standard. 

Ion exchan~e chromat0lIDWhy.- The blue colored band obtained after ultracentrifugation of 

hemolymph was further fractionated by ion exchange chromatography on a DEAE Bio-Gel 

A (Bio-Rad, Richmond, CA) column (15 x 1.5cm). The samples were applied in solution 

in phosphate buffer (PB, lOmM potassium phosphate, pH 6.8), and eluted with a linear 

gradient of KCI (O-O.3M) in lOmM tris buffer (pH 8.0) at a flow rate of 40m1/h and room 

temperature. The eluate was monitored on-line at 280nm and fractionated at a rate of 90 

drops/vial (about 3.61m1!fraction). The absorbance of each fraction at 450 and 667nm was 

recorded. 

Prnparative e1ectrQphoresis.- The two cyanoproteins present in the second blue peak to 

elute after DEAE chromatography were isolated by preparative Native-PAGE carried out 



88 

according to Chino et al. (1983) in 5% disc gels (7 x 0.7cm). The gels were run at 

constant voltage (50 volts) and 4QC for 16 hours in a vertical electrophoresis unit. After 

electrophoresis the two blue bands were cut out and electrophoretically eluted from the gel 

in a modified version of the apparatus described by Chino et al. (1983). The 

electrophoretical elution was run at a constant voltage (250 volts) and 4QC overnight until 

the gel pieces became colorless. At the end of the run the gel bands were removed and the 

cyanoprotein solution inside the dialysis tubing dialyzed in distilled water and liophylized 

for the determination of their purity by Native and SDS-PAGE. 

ElectrophoreticaI elution apparatus 

Tris-glycine buffer 
(pH 8.3) 

0.5M Tris buffer 
(pH 7.0) 

+ 

Chromophore analysis in cyanoproteins.- The chromophores were extracted from the 

purified cyanoproteins with methanol and their absorption spectra compared to that of 

commercial biliverdin IX (Sigma, St. Louis). 

Purification and characterization of cyanoproteins from hemolymph of S. 
gregaria: 

Treatment of insects: Last instar nymphs, within 24 hours of the last ecdysis, were treated 

topically on the abdomen with 100J..lg of fenoxycarb dissolved in 10 J..lI of hexane: oleic 

acid: acetone (4: 1 :5). 
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Hemolymph collection: Hemolymph was collected from last instar nymphs of both sexes, 

6 days after treatment with fenoxycarb, by the flushing out method (Chino et al. 1981) as 

described above. 

U1tracentrifu~ation: Hemolymph was fractionated in a potassium bromide density gradient 

(33-44.5 KBr) by the method of Haunerland et al. (1984) as described above. The 

cyanoprotein fraction, visible as a blue band in the centrifuge tube, was collected with a 

syringe. The KBr contained in the fraction was removed by dialysis overnight in distilled 

water, and the proteins contained in the fraction concentrated by lyophilization. 

Preparative isoelectric focusin~: The lyophilized blue fraction after ultracentrifugation was 

further fractionated by preparative isoelectric focusing (IEF). The separating gel was made 

by adding Sephadex-IEF to 50ml of a 5% solution ofPharmaliye 3-10 carrier ampholytes 

(Pharmacia, Uppsala, Sweden) on a horizontal flat-bed (19.5 x 12cm), until it initiated 

gelling (about 5% Sephadex). Prefocusing conditions consisted of constant voltage 

(100volts) for 10 minutes, followed by constant voltage (300volts) for another 10 

minutes. The lyophilized sample was then dissolved in 500JlI of distilled water and applied 

to the separating gel at 3-4 cm from the cathode. The preparative-IEF was run in a constant 

power mode of operation (4W) for 5,000 volt-hours in a Multiphor IT electrofocusing unit 

(pharmacia). Two different cyanoprotein fractions, visible as blue bands, were removed 

and the proteins eluted by compacting the gel in a column and eluting with PBS (lOmM 

potassium phosphate, 150mM sodium chloride, pH 6.8) until the blue color was removed. 

Extensive dialysis in PBS was required to remove the ampholytes from the fractions. 

Electrophoresis: Native and SDS-PAGE were carried out according to Laemmli (1970) in 

3-15% gradient gels for 10 hours and 5-10% gradient gels for 4 hours respectively 

(pore-limiting conditions). The gels were run in a SE280 Tall Mighty Small llcm vertical 

slab unit (Hoefer Scientific Instruments, San Francisco, California) as described above. 

Hi/:h-Performance Capillaty Electrqphoresis; The purity of the purified cyanoproteins was 

verified by capillary zone electrophoresis (CZE), using a Microsampler 100 Capillary 

Electrophoresis System (Bio-Rad, Richmond, CA) with a 20cm x 25Jlm, coated 

microsampler cartridge (Bio-Rad). The samples were run in O.IM phosphate buffer (pH 

2.5) at an applied voltage of 8KV and room temperature, and the proteins detected at 

200nm. 

Analytic isoelectric focusin~.- The isoelectric point of the purified cyanoproteins was 

detennined by analytical IEF. The separating gel consisted of an acrylamide solution (5% 

T,4% C) containing 7.5% Pharmalite 3-10 carrier ampholites. Prefocusing and focusing 
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conditions were as described for preparative-IEF, but analytical-IEF was run for only 

2,000 volt-hours. The gels were stained with Coomassie brilliant blue as described for 

Native and SDS-PAGE. Protein Test Mixture 9 (Serva) was used as the standard for the 

construction of the calibration curve. 

Carbohydrate analysis.- The purified cyanoproteins were subjected to SDS-PAGE, blotted 

onto nitrocellulose (Towbin et al., 1979), and visualized with fluorescein isothiocyanate 

conjugated concanavalin A (FITC-Con A) (Furlan et al., 1979). The nitrocellulose sheet 

was incubated according to Haunerland and Bowers (1986), and the glycoprotein bands 

visualized under UV-light 

Chromophore analysis.- The chromophores were extracted from the purified 

cyanoproteins with methanol and their absoIption spectra compared to that of commercial 

biliverdin IX (Aldrich, Milwaukee, WI). The chromophore extracts were further analyzed 

by reversed phase HPLC on a Econosil C8 column (lOll) 250 x 4.6mm (Alltech, 

Deerfield, IL), as described by Cole and Little (1982). The mobile phase consisted of 

acetonitrile: ethyl acetate: methanol: water (30:33:45: 120) pH 4, containing lOmM 

tetrabutyl-ammonium hydroxyde. The samples were dried under a steam of nitrogen and 

redissolved in methanol: ethyl acetate (1:1) prior to their injection. They were then 

chromatographed at room temperature and a flow rate of 1.5mVmin, and the eluate 

monitored at 375nm. Under these conditions the four isomers of biliverdin IX eluted in the 

following order: a (9.8min), a (llmin), p (12.5min) and 'Y (l7min). The four biliverdin 

IX isomers were prepared from the corresponding biliverdin dimethyl esters according to 

Heirwegh et al. (l991). However, when we applied this methodology in a 1/lO scale in 

volume, we had to add 1m! of 1M HCI, instead of the 0.5m! indicated by Heirwegh et al. 

(1991), in order to obtain successful removal of the biliverdin free acids from the aqueous 

to the organic phase. The four biliverdin IX dimethyl ester isomers were supplied by Dr. 

Norbert H. Haunerland (Simon Fraser University). Since biliverdin IXa was identified as 

the chromophore in both cyanoproteins, the molar ratio of biliverdin to cyanoprotein was 

determined by extracting the chromophore with methanol from a known amount of 

purified cyanoprotein, and calculating the amount of biliverdin by comparing its 

absorbance at 625nm with that of a calibration curve constructed with biliverdin IXa. 

Effects of fenoxycarb on hemolymph cyanoproteins pattern of S.gregaria: 

Newly molted last instar nymphs of S. gregaria were topically treated with l00llg 

of fenoxycarb, and each nymph bled once at 0, 2, 4, or 6 days after treatment and 0, 4, or 
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10 days after molting to adultoids. Newly molted adults were treated topically with 100J.lg 

of fenoxycarb and bled once at 0, 6, 12, or 24 days after treatment. In both cases, controls 

were treated topically with the solvent solution alone, and hemolymph samples collected at 

the same times. Six hemolymph samples were collected per each type of treatment and age 

group, three males and three females. Hemolymph was extracted by the flushing out 

method, injecting bleeding solution several times until it was apparent that most of the 

hemolymph was collected. Hemolymph was then spun at 6000 rpm for 5 min to remove 

cellular components. Total prot~in concentration in each hemolymph sample was measured 

spectrophotometric ally by the method of Bradford (Bradford, 1976), using 

immunoglobulin g as standard. Since purified cyanoproteins from control and fenoxycarb 

treated locusts were found to possess identical specific absorption coefficients at 680nm 

(1:680;: 0.06l/g cm), the amount of total cyanoproteins in the hemolymph was measured 

spectrophotometrically by reading the absorbance at 680nm, using the purified 

cyanoproteins as standards. 

Results 

Hemolymph pigmentation of S.americana: 

The hemolymph of both last instar nymphs and adults of S. americana was 

characterized by a light green coloration. The UV -Visible absorbance spectrum of the 

hemolymph samples presented a broad peak in the red region of the spectrum (transmit 

blue) with maximum absorbance at 667nm, and a triple peak in the violet-blue portion of 

the spectrum (transmit yellow) with maximum absorbance at 457nm (Fig. 4.1). There 

were no differences with respect to the location of the peaks between last instar nymphs 

and adults, or between sexes. In all cases centrifugation of the hemolymph samples in a 

33-44.5% KBr density gradient yielded two visible fractions, a low density yellow band 

in the top and a high density blue band close to the bottom. The absorbance spectrum of 

the yellow band showed that this fraction was responsible for the triple peak with a 

maximum at 457nm, whereas the blue fraction was responsible for the peak at 667nm 

(Fig. 4.1). 

The cuticular pigmentation of S. americana nymphs reared under crowded 

conditions is green during the first three instars, then turns brown-grey during the fourth, 

fifth or sixth instars. After molting to adults the cuticular coloratioIl: is pink-brown for 

several days, but turns light yellow when they became mature adults. The hemolymph 
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showed high absorbance at 457 and 667nm in the fIrst and third instars, giving the 

hemolymph a green coloration. (Table 4.1) The absorbance at both wavelengths was 

reduced in the fIfth instar, resulting in a light green coloration of the hemolymph. In the 

mature adults the absorbance at 457nm increased, whereas at 667nm remained low, giving 

the hemolymph a yellow coloration (Table 4.1). 

Chromotropic activity of fenoxycarb on hemolymph pigmentation of S. 

americana: 
The treatment of newly molted last instar nymphs of S. americana with fenoxycarb 

induced a change in the pigmentation of the hemolymph after 16 days, from light green in 

the controls to a very strong bright green in treated insects. This change in color was 

induced at most concentrations tested (200, 50, 10, and 5 Jlg/nymph), with a dose 

dependent increase in the absorbance at both 667 and 457nm (Fig. 4.2). The changes in 

the hemolymph pigmentation induced by fenoxycarb were correlated with changes in the 

cuticular pigmentation (Table 4.2). However, cuticular pigmentation appears to be more 

sensitive to the action of fenoxycarb, since IJlg/nymph was able to induce appreciable 

changes in cuticular pigmentation, whereas no differences were observed at this dose in 

the hemolymph. The treatment of nymphs with precocene 2 did not induce any appreciable 

changes in hemolymph or cuticular pigmentation (Fig. 4.3 and Table 4.2). Nymphs 

treated with both precocene and fenoxycarb (200Jlg/nymph) presented a hemolymph 

pigmentation similar to that of nymphs treated with fenoxycarb (200Jlg/nymph) alone 

(Fig. 4.3), but their cuticular pigmentation resembled that induced by lower doses of 

fenoxycarb (Table 4.2). The treatment of newly molted adults with fenoxycarb or 

precocene 2 did not induce any significant changes in the pigmentation of the hemolymph 

after 16 days in both sexes (Fig. 4.4 and table 4.3). The cuticular pigmentation was 

brown-grey in all cases, typical of immature adults. 

When the temporal pattern of variation in the hemolymph absorbance spectrum was 

studied (Fig. 4.5), we found that in controls the absorbance at 667nm was maintained 

more or less constant throughout the last instar and the fIrst ten days of the adult stage. On 

the other hand, the absorbance at 457nm increased at the end of the last instar, then 

returned to the previous levels after molting, and increased again from day fIve to ten of 

the adult stage. Treatment of newly molted last instar nymphs with 100Jlg of fenoxycarb 

increased the absorbance at 667nm from day four, reaching a maximum by day eight. The 

increase in the absorbance at 457nm occurred even faster, and was noticeable at day two, 
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and reached almost the maximum at day four. This induction of hemolymph absorbance at 

667 and 457nm was correlated in time and intensity with the induction of a strong-green 

cuticular pigmentation. The high absorbance at both 667 and 457nm was maintained until 

the end of the instar, and then slightly decreased during the subsequent lethal ecdysis. All 

treated nymphs died during ecdysis as supernumerary nymphs unable to shed the old 

cuticle. Treatment of newly molted last instar nymphs with lOJ..Lg of fenoxycarb induced 

cuticular light-green pigmentation and increased the absorbance of the hemolymph at 

667nm, but not at 457nm. Most of the treated nymphs molted to adultoids that displayed a 

light green coloration, whereas their hemolymph absorbance did not differ from that of the 

control group. Treatment of newly molted last instar nymphs with 1J..Lg of fenoxycarb 

induced cuticular light-green pigmentation in about 50% of the nymphs, but the 

absorbance of the hemolymph at 457 and 667nm was not different from that of the control 

group throughout the period studied. Multiple applications of 100 or lOJ..Lg of fenoxycarb 

throughout the last instar gave identical results to that of a single application of 100J..Lg at 

the beginning of the instar (Fig. 4.6). Similarly, multiple applications of 1J..Lg of 

fenoxycarb resulted in a very similar response to that of a single application of 10J..Lg at the 

beginning of the instar. 

The temporal variation of hemolymph and cuticular pigmentation after treatment of 

newly eclosed adults with fenoxycarb were also studied (Fig. 4.7). In the case of control 

adults, the absorbance at both 667 and 457nm increased at similar rate after ecdysis, 

reaching a maximum at about 15-20 days. The absorbance at 667nm then slowly 

decreased, whereas the absorbance at 457nm remained at similar levels for the rest of the 

experimental period. Cuticular pigmentation was pink-brown in newly eclosed adults, but 

after a few days the pink color usually disappeared. All males and females became light 

yellow, typical of mature adults, by day 26. Treatment of newly molted adults with 100J..Lg 

of fenoxycarb accelerated the rate in the increase of the absorbance, so that the maximum 

in the absorbance at 667nm was reached at day 10, and the maximum at 457nm within 

5-10 days. Yellowing of the cuticle was also accelerated, with all males and females 

becoming light yellow by day 18. 

The total protein content of hemolymph from last instar nymphs of both sexes and 

adult males was not significantly affected by treatment with fenoxycarb (Table 4.4). On 

the other hand, the protein titers in adult females treated with fenoxycarb increased by 43% 

with respect to the levels in controls (Table 4.4). 
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Purification and characterization of chromoproteins from hemolymph of S. 

americana: 

Native-PAGE of hemolymph from last instar nymphs of S. americana was 

characterized by a yellow chromoprotein of high molecular weight (Mr~ 669KDa); and 

two blue chromoproteins (cyanoproteins) that we named Cp-I (Mr 422,000), and Cp-II 

(Mr 160,000) (Fig. 4.8). Treatment with fenoxycarb enhanced the concentration of the 

two cyanoproteins and induced the appareance of a third cyanoprotein that we called Cp-F 

(Mr 479,000) (Fig. 4.8). Immature adults of both sexes showed Cp-I and Cp-II in the 

hemolymph, which increased in concentration when they reached maturity (Fig. 4.8). 

Treatment of immature adults with fenoxycarb yielded a protein pattern similar to that of 

mature adults in 5-6 days, but Cp-F was never induced. Proteins with molecular weights 

similar to Cp-F were present in nymphs and adults of both sexes, but they lacked the blue 

coloration. 

Ultracentrifugation in a 33-44.5% KBr density gradient of hemolymph from 5-10 

day old last instar females yielded a high density blue band close to the bottom and a low 

density yellow band in the top. The two colored bands were collected and the yellow 

fraction further ultracentrifuged in a 1-33% KBr density gradient. The density of these 

fractions was measured as 1.115±O.003g!ml for the yellow fraction and 1.291±O.007g!ml 

for the blue fraction (n=3). Native-PAGE of the bands showed that the yellow fraction 

corresponded to the yellow protein of high molecular weight only, whereas the blue 

fraction contained the blue chromoproteins and most of the other proteins in the 

hemolymph (Fig. 4.9). SDS-PAGE of the low density yellow band showed that the 

yellow chromoprotein contained two subunits of 191,000 and 77,500 (Fig. 4.9). If the 

protein was isolated from adult females the same two bands were obtained SDS-PAGE of 

the blue band gave a big band about 70-80KDa and tiny bands of larger and smaller 

molecular weight (Fig. 4.9). 

Because of its density and the size of its subunits, the yellow band was identified as 

a larval high density lipophorin. Protein and lipid analysis of lipophorin showed that it 

contains 52% lipids and 48% protein (Table 4.5). Analysis of its lipid composition by 

TLC revealed that the main neutral lipids were diacylglycerol, cholesterol and free fatty 

acids (Fig. 4.10); and the main polar lipid was a phospholipid (Fig. 4.11). A very apolar 

lipid was detected that did not correspond with any of the standards (Fig. 4.10), but 

possessed an Rf typical of hydrocarbons for the solvent system used. When lipids were 

extracted from lipophorin with chloroform and methanol the yellow chromophore was also 
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extracted by the organic solvent. Thin layer chromatography of neutral lipids showed that 

the yellow chromophore presented a Rf identical to that of commercial p-carotene (Fig. 

4.10). In addition, the UV-VIS spectrum of the lipids extracted from lipophorin in 

chloroform was very similar to that of p-carotene (Fig. 4.12). We determined 

spectrophotometric ally the carotenoid content in the lipid fraction of lipophorin as 1.1 % 

(Table 4.5). There were no quantitative (Table 4.5) or qualitative differences (Figs 4.10 

and 4.11) when the lipophorin was extracted from last instar nymphs treated with 

fenoxycarb. 

Since after ultracentrifugation of hemolymph samples the blue band was found to 

be composed of several major proteins, it was further fractionated by DEAE ion exchange 

chromatography. Three peaks were resolved by elution with a KCI gradient in tris buffer. 

The fIrst to elute was a slightly green peak, followed by a big transparent peak, and fmally 

a blue peak (Fig. 4.13). Native-PAGE of the fractions showed that the fIrst peak (fractions 

20-24) was composed of three high molecular weight proteins, the smallest of which was 

responsible for the green coloration and could be isolated from fraction #22, whereas the 

blue peak (fractions 40-44) was composed exclusively by Cp-I and Cp-II (Fig. 4.14). 

When the same fractionation was performed with samples from last instar females, fed on 

lettuce, instead of wheat, the same peaks were observed, but in this case the big second 

peak presented a strong yellow coloration (Fig. 4.13). Native-PAGE was identical as 

before, and we were not able to determine which protein was responsible for the color, 

since the chromophore was separated from the protein and eluted with the front. Treatment 

with fenoxycarb of last instar females fed on lettuce considerably reduced the yellow 

coloration of the second peak, and induced a strong blue coloration in the fIrst peak (Fig. 

4.13). Native-PAGE of the fIrst blue peak showed that the three high molecular weight 

proteins present in the controls were replaced by Cp-F, that could be isolated from fraction 

#18. In order to isolate Cp-I and Cp-II from control and fenoxycarb treated insects, 

fractions from the third peak were concentrated by 80% ammonium sulfate precipitation 

and further purifIed by preparative Native-PAGE. In both cases, two blue bands were 

obtained, corresponding to Cp-I and Cp-IT, which were electrophoretic ally eluted from the 

gel. However, Native-PAGE of the purifIed cyanoproteins showed that the isolated Cp-I 

regenerated again Cp-IT and vice versa (Fig. 4.9). 

Native-PAGE of the purifIed chromoproteins revealed a molecular weight of about 

509,000 for the green chromoprotein present in control nymphs, 478,000 for Cp-F from 

fenoxycarb treated nymphs, 407,000 for Cp-I, and 153,000 for Cp-IT (Fig. 4.9). 
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SDS-PAGE of the chromoproteins revealed that all of them were formed by single 

subunits with a molecular weight of about 73,900 for the green chromoprotein, 70,500 for 

Cp-F, and 70,300 for Cp-I and Cp-II (Fig. 4.9). 

The absorbance spectra of Cp-F and a mixture of Cp-I and Cp-ll were very similar, 

with absorbance maxima at 375 and 670nm (Fig. 4.15). However, the intensity ratio of 

the visible band with respect to the near UV band (QAVISIUV) was 0.66 for Cp-F, whereas 

the mixture of Cp-I and Cp-II have an QAVIS/UV of 1.22. The spectra of the extracted 

chromophores in 50% methanol were almost identical to that of commercial biliverdin for 

the three cyanoproteins, with maximum absorbance at 370 and 645nm, and an intensity 

ratio of 0.32 (Fig. 4.15). The absorbance spectrum for the green chromoprotein was also 

characterized by maximum absorbance at 370 and 670nm, but the UV peak was broader 

than in the cyanoproteins and the intensity ratio of the visible with respect to the near UV 

was of only 0.28 (Fig. 4.15). When the chromophore was extracted in 50% methanol the 

absorbance spectrum was completely different from that of biliverdin, with maximum 

absorbance at 285nm and a broad peak around 300-360nm (Fig. 4.15). 

Purification and characterization of cyanoproteins from hemolymph of S. 

gregaria: 

Native-PAGE of hemolymph from last instar nymphs of S. gregaria was 

characterized by the presence of two blue chromoproteins, that we called high molecular 

weight cyanoprotein (HCp) (Mr 495,000), and low molecular weight cyanoprotein (LCp) 

(Mr 178,000) (n= 11) (Fig.4.16). LCp was fIrst detected in the hemolymph from nymphs 

within 2 days from the last ecdysis, whereas HCp was not detected until day 4. Both 

cyanoproteins continued to be found in the hemolymph until the end of the instar (8-10 

days under our rearing conditions), but then disappeared after molting to adults. LCp was 

present again in the hemolymph of 12 and 24 day-old adults of both sexes, whereas HCp 

was never detected in the adult stage (Fig. 4.16). A female-specific protein appeared in 

adult females after 12 days that comigrated with HCp, but lacked the blue coloration (Fig. 

4.16). Because of its molecular weight and adult female specifIcity we believe that this 

protein is probably vitellogenin. Treatment of newly molted last instar nymphs with 

fenoxycarb increased the concentration of both cyanoproteins in the hemolymph by day 6 

in a dose-dependent manner (Fig. 4.17). However, LCp was not detected until day 2 and 

HCp until day 4, as in the controls (Fig. 4.17). Only LCp was present in the hemolymph 
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of the resulting adultoids within 24 hours of the molt, but both HCp and LCp became 

major components by day 4 (Fig. 4.17). Treatment with fenoxycarb of newly molted 

adults increased the levels of LCp from day 6, whereas HCp was not detected (Fig. 4.18). 

Both cyanoproteins were purified from the hemolymph of last instar nymphs treated 

with fenoxycarb. Hemolymph was fIrst ultracentrifuged in a density gradient of 33-44.5% 

KBr, yielding a yellow band in the top (lipophorin) and a blue band close to the bottom. 

The blue band was collected and further fractionated by preparative isoelectric focusing 

into two blue bands, at 8-9 and 10-llcm from the cathode respectively. Native-PAGE of 

the band closer to the anode consisted of a single cyanoprotein with a high molecular 

weight (RCp), whereas the band proximal to the cathode consisted of a cyanoprotein of 

low molecular weight (LCp) and a small impurity band (Fig. 4.19). High performance 

electrophoresis established a 99% purity for HCp and 95% purity for LCp (Fig. 4.20). 

Native-PAGE of the purifIed cyanoproteins revealed a molecular weight of 

500,000 for HCp and 180,000 for LCp (Fig. 4.19). SDS-PAGE of both cyanoproteins 

resulted in a single subunit with identical molecular weight of 72,000 (Fig. 4.19). 

Analytical IEF showed that the isoelectric point for HCp and LCp were 5.9 and 6.9 

respectively. Blotting of the cyanoproteins onto nitrocellulose and visualization with 

FITC-ConA failed to detect protein-bound carbohydrates. Native-PAGE of purifIed LCp 

stored for several months in the freezer resulted in an additional blue band of molecular 

weight about 430,0,000, whereas HCp continued giving a single band. 

The UV-Vis spectra of both cyanoproteins were identical, with bands at 375 and 

680nm, and a QAVIS/UY=0.99 for HCp and 1.02 for LCp (Fig. 4.21). The spectra of the 

extracted chromophores in methanol were also identical with maximum absorbances at 370 

and 625nm, and a QAYIS/UY=0.30 for HCp and 0.32 for LCp (Fig. 4.21). The extracted 

chromophores were analyzed further by reversed phase HPLC. In both cases, a single 

peak was detected which had identical retention times than biliverdin IX a (Fig. 4.22). The 

molar ratio of biliverdin to cyanoprotein was calculated as 13.23 for HCp and 4.51 for 

LCp. That corresponds to 2.21 and 2.26 molecules of biliverdin per subunit, if we assume 

n hexameric configuration for HCp and a dimeric configuration for LCp respectively. 

When both cyanoproteins were isolated from control last instar nymphs, instead of 

fenoxycarb treated ones, the molar ratios were 14.07 for HCp and 4.59 for LCp. 
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Effects of fenoxycarb on hemolymph cyanoproteins pattern in S.gregaria: 

The amount of total protein in the hemolymph of last instar nymphs of S. gregaria 

was identical for both sexes, whereas adult females reach higher concentrations than adult 

males as they became mature (Fig. 4.23). In last instar nymphs of both sexes the titers 

increased from 1.3mg/insect in newly molted nymphs to 17.8mg/insect after 6 days (about 

two days before molting). The titers decreased after molting to adults and reach a 

minimum of 2.7mg/insect in males and 2.8mg/insect in females by day 6 of the adult 

stage. In adult females the amount of total protein in the hemolymph increased again as the 

insect became mature, and reached 9mg/insect by day 12, and 6.5mg/insect by day 24. On 

the other hand, the titers in the hemolymph of adult males remained more or less constant 

at about 2.5mg/insect during the same period. The treatment of newly molted last instar 

nymphs with 100Jlg of fenoxycarb did not affect the levels of total protein throughout the 

last instar (Fig. 4.23). However, all of them molted to adultoids, in which the amount of 

total protein continuously increased until they died after a few days. The treatment of 

newly molted adults with l00Jlg of fenoxycarb increased the amount of total protein about 

1.5-2.5 times in both males and females by days 6 and 12 after treatment with respect to 

the titers in controls (Fig. 4.23). However, the titers of total protein in the hemolymph of 

treated adults after 24 days were about half that of the controls. 

We found that the only chromophore in the hemolymph of S. gregaria with 

absorbance at 680nm is biliverdin bound to the cyanoproteins HCp and LCp. In addition, 

both cyanoproteins were found to possess identical specific absorption coefficient at 

680nm (l:=: 0.06 Vg cm) which was not affected by treatment with fenoxycarb. Therefore, 

the amount of cyanoproteins (HCp and LCp) present in the hemolymph could be 

determined spectrophotometric ally by reading the absorbance at 680nm, using the purified 

cyanoproteins as standards (Fig. 4.23). In last instar nymphs the titers increased from 

0.06mg/insect within 24 hours of ecdysis to 0.84mg/insect by day 6. No cyanoproteins 

could be detected within 24 hours of molting to adults, but the titers increased again in 

both sexes from day 6, reaching a maximum of 0.45mg/insect in males and 1.23mg/insect 

in females by day 12 and then reduce to 0.28mg/insect at 24 days in females and disappear 

enterily in males. Treatment of newly molted last instar nymphs with l00Jlg of fenoxycarb 

significantly increased the levels of cyanoproteins from day 2 after treatment to levels 5 

times those in controls at day 6 (Fig. 4.23). Once they molted to adultoids the levels 

initially decrease to 1.16mg/insect, but then increased again in most of them until they 

died. The treatment of newly molted adults with l00Jlg of fenoxycarb increased the 
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amount of cyanoproteins in the hemolymph of both males and females by 2-5 times from 

day 6 of the adult stage (Fig. 4.23). 

Discussion 

We have found that the green coloration characteristic of the hemolymph of S. 

americana and S. gregaria was the result of the combination of several chromoproteins. 

Hemolymph from last instar nymphs of S. americana fed on wheat was characterized by 

the presence of yellow lipophorin (Lp), a green chromoprotein (G-P), and two 

cyanoproteins (Cp-I and Cp-II). When the last instar nymphs were reared on lettuce, 

instead of wheat, an additional yellow chromoprotein was detected in the hemolymph. 

Treatment of last instar nymphs with fenoxycarb enhanced the concentration of the two 

cyanoproteins, suppressed the green chromoprotein, and induced the appareance of a third 

cyanoprotein (Cp-F). Immature adults of both sexes showed Lp, G-P, Cp-I and Cp-II in 

the hemolymph, which increased in concentration when they reached maturity. Treatment 

of immature adults with fenoxycarb yielded a chromoprotein pattern similar to that of 

mature adults within a few days, but Cp-F was never induced. Hemolymph from last 

instar nymphs of S. gregaria was also characterized by the presence of a yellow lipophorin 

(Lp) and two blue cyanoproteins (HCp and LCp). Both cyanoproteins were absent in 

newly molted adults, but LCp became prominent again in immature and mature adults of 

both sexes, whereas HCp was never detected in the adult stage. Treatment of last instar 

nymphs with fenoxycarb increased the concentration of both cyanoproteins, whereas 

treatment of adults increased the concentration of LCp. 

Lipophorin isolated from last instar nymphs of S. americana was characterized by a 

density of 1.115g/ml and two types of subunits with molecular weight of 191 and 77.5 

KDa. It contains 52% lipids, mainly diacylglycerol, cholesterol, hydrocarbons, 

phospholipids and free fatty acids. The yellow chromophore was identified as p-carotene, 

present in the lipid fraction at a concentration of 1.1 %. These characteristics are very 

similar to that of the larval high density lipophorin from L. migratoria (Van der Horst et 

al., 1987b). Cyanoproteins I and II from last instar nymphs of S. americana were 

characterized by a single subunit of identical molecular weight (Mr 70,300). In addition, 

purified Cp-I (Mr 407,000) always regenerated Cp-II (Mr 153,000) and vice versa, 

suggesting that there are hexameric and dimeric forms of the same protein, as estimated by 

the relationship between the native and subunit molecular weights for Cp-I (5.8) and Cp-II 
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(2.2). On the other hand, Cp-F (Mr 478,000) was characterized by a single subunit of 

slightly higher molecular weight (Mr 70,500), and never regenerated any of the other 

cyanoproteins. The green chromoprotein (Mr 509,000) was also characterized by a single 

subunit (Mr 73,900). Both cyanoproteins from S. gregaria were characterized by a single 

subunit with identical molecular weight (Mr 72,000). However, HCp (Mr 500,000) and 

LCp (Mr 180,000) possess different isoelectric point (pI=5.9 for HCp; pI=6.9 for LCp), 

and purified LCp stored for several months in the freezer generated an additional blue band 

(LCp', Mr 430,000), whereas HCp continued giving a single band. This suggests that 

HCp from S. gregaria is probably related to Cp-F from S. americana, and LCp and LCp' 

from S. gregaria are probably related to Cp-II and Cp-I from S. americana. The presence 

of two or more biliproteins in the hemolymph has been already reported in other species of 

insects. Four cyanoproteins have been identified in the hemolymph of R. c/avarus (Chinzei 

et al., 1990). All four are hexamers with two types of subunits of identical molecular 

weight (Mr 76,000) (Chinzei et aI., 1990), that however could be separable by their 

isoelectric point (Miura et al., 1991). Two biliproteins, with different isoelectric point and 

dimeric and monomeric configurations respectively, have been reported in whole-adult 

extracts of P. brassicae (Huber et al., 1987a,b; Suter et al., 1988; Scheer and Kayser, 

1988). Both biliproteins have identical subunits, except for the exchange of a single amino 

acid at the N-terminal position (Huber et al., 1987a). Although only one biliprotein is 

found in the hemolymph of M. sexta, several isoelectric forms of equivalent molecular 

weight have been found to be synthesized in the larval epidermis (Kiely and Riddiford, 

1985; Riddiford et al., 1990). 

The absorbance spectrum of the chromophores extracted from the cyanoproteins of 

S. americana and S. gregaria were identical to that of commercial biliverdin IX. 

Furthermore, the extracted chromophores from both cyanoproteins of S. gregaria were 

identified as biliverdin IXl) by HPLC. Since biliverdin IXa. is the only isomer found so far 

in Orthoptera (Passama-Vuillaume and Levita, 1966; Vuillaume and Grouselle, 1968), 

including the African migratory locust (passama-Vuillaume, 1965; Vuillaume, 1967), we 

have tried to confirm this result by TLC of the dimethyl ester derivative of the extracted 

chromophore (Bonnett and Mc Donagh, 1973). Unfortunately, none of the methods used 

to transform the extracted biliverdin free acid in the corresponding dimethyl ester (O'Carra 

and Colleran, 1970; Bonnett and Mc Donagh, 1973; Kayser and Dettner, 1984) were 

successful. More conclusive identification procedures, such as NMR spectroscopy or 
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mass spectrometry, would be necessary to establish the vaIidity of our results, that if 

confirmed will be the fist report of biliverdin IX5 identified in insects. The absorbance 

spectrum of the green chromoprotein of S. americana was also characterized by maximum 

absorbance similar to those of the cyanoproteins. However, the UV peak was broader, the 

QAVIS/UV smaller, and the absorbance spectrum of the extracted chromophore very 

different to that of commercial biliverdin. 

The molar ratio of biliverdin to apoprotein in the cyanoproteins of S. gregaria 

suggest that each subunit of HCp and LCp binds 2 molecules of biliverdin, assuming 

hexameric and dimeric configurations respectively. The molar ratio of biliverdin per 

subunit has been estimated as 1 in the tetrameric biliproteins of M. sexta (Goodman et aI., 

1985) and P. brassicae (Scheer and Kayser, 1988). However, no clear results have been 

obtained for hexameric biliproteins. In the hexameric biliproteins of R. clavatus the molar 

ratio per apoprotein was 16 (Chinzei et aI., 1990). Chino et aI. (1983) found a molar ratio 

of 8 per apoprotein in the cyanoprotein of L. migratoria, and concluded that each subunit 

binds two molecules of biliverdin, assuming a tetrameric configuration. However, later 

studies showed that this cyanoprotein possesses a hexameric configuration (de Bruijn et 

aI., 1986; de Kort and Koopmanschap,1987a). 

The spectroscopic properties of biliproteins are sensitive to a variety of factors, the 

most important being the geometry of the chromophore (Scheer, 1981). In the case of 

cyclic-helical chromophores (conformation all syn, configuration all Z), typical of free bile 

pigments of the biliverdin type, the intensity ratio of the visible band with respect to the 

near UV band is aIways smaller than one (QAvis/uv= 0.2-0.5) (Scheer, 1981; Bonfiglio et 

aI., 1983; Nesvabda and Gossaver, 1987). However, this ratio is much higher in extended 

chromophores like the ones in algal phycocyanins (QA vis/uv= 2-4) (Scheer, 1981; 

Schirmer et aI., 1985; 1986) and the neobiliverdins found in the butterfly Papilio phorcas 

(QA vis/uv= 6) (Bois-Choussy and Barbier, 1978). As judged from its intensity ratios, the 

chromophores in BBP from P. brassicae (QAvis/uv= 0.61 by Huber et al.,1987a; and 0.56 

by Scheer and Kayser, 1988) and INS from M. sexta (QA vis/uv= 0.71 by Riley et aI., 

1984; and 0.77 by Goodman et aI., 1985) should be present in a cyclic-helical geometry, 

similar to that of free biliverdin. Crystallographic analysis have confirmed that in both 

cases the chromophore was biliverdin IXyand presented a cyclic-helical geometry (Huber 

et aI., 1987a; Holden et aI., 1987). The absorption spectra of the biliproteins from P. 

maculiventris (Haunerland et aI., 1992), R. clavatus (Chinzei et aI., 1990), and L. 

migratoria (Chino et aI., 1983) aIso had small intensity ratios (QA vis/uv= 0.8, 0.57 and 



102 

0.43 respectively), suggesting a cyclic-helical geometry. On the other hand, the intensity 

ratios for the chromoproteins from H. zea (Haunerland and Bowers, 1986) and T. ni 

(Jones et al., 1988) are rather large (QA vis/uv=1.67 and 2 respectively). The structure of 

the chromophores is still unknown, but the high intensity ratio for the native biliproteins 

suggest a more extended geometry, probably caused by the hydrophobic environment 

provided by the lipid moiety of these lipoproteins (Haunerland and Bowers, 1986). The 

intensity ratios of the cyanoproteins from S. americana (QAVIS/UV=0.66 for Cp-F, and 

1.22 for Cp-I and II) and S. gregaria ( QAVIS/UV= 0.99 for HCp and 1.02 for LCp) are 

slightly higher than most insect biliproteins, excepting the chromolipoproteins, but 

probably within the limits of a cyclic-helical geometry. 

Despite extensive structural characterization, the physiological functions of insect 

biliproteins and of the biliverdin chromophore are still unclear. They obviously contribute 

together with yellow carotenoid-protein complexes to provide a cryptic green coloration 

for camouflage in plant feeding insects, when deposited in the integument of larvae and in 

the eggs (Cherbas, 1973; Barbier, 1981; Kawooya et al., 1985). However, some of the 

insects that possess biliproteins in the hemolymph lack blue or green coloration at any 

stage of their development, such as P. maculiventris (Haunerland et aI., 1992). Several 

alternative roles have been proposed for bile pigments in insects, including: a) 

photoprotection against injury from exposure to visible light of internal photosensitizers 

(Mc Donagh, 1979; Bois-choussy and Barbier, 1983); b) natural antioxidants (Bernhard et 

al., 1954); and c) photoreception (Barbier et aI., 1970: Vuillaume et aI., 1974; Vuillaume 

and Dattee, 1980). The stage-specificity of the chromolipoprotein of H. zea, together with 

its lipid content, have led to the suggestion that this biliprotein may have a role in lipid 

metabolism or function as a storage protein during larval development (Haunerland and 

Bowers, 1986). Similarly, Chinzei et al. (1990, 1992) suggested that the biliproteins from 

R. clavatus are arylphorin-like storage proteins, utilized for molting and the formation of 

new cuticle in nymphs, and for nutrition and cuticle formation in the embryo. We have 

found that although hemolymph and cuticular pigmentation are closely related at the early 

nymphal stages of S. americana, no such relation exists in last instar nymphs and adults 

of this species, or at any physiological stage of S. gregaria. Nymphs and adults of both 

species have a light green hemolymph, due principally to the combination of yellow 

lipophorin and blue cyanoproteins. but also to the presence of a green chromoprotein in S. 

americana. However. only early instar nymphs of S. americana presented a cuticle with 

green pigmentation, which turned to brown-grey in later instars and immature adults. and 
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finally to light yellow as they become mature adults. In S. gregaria the cuticular 

pigmentation was always brown-grey with black patches of melanin in nymphs, then 

turned to pink-brown in immature adults, and finally to a bright yellow in mature adults. 

The treatment of newly molted last instar nymphs of both species with fenoxycarb induced 

a bright green coloration in the cuticle and the hemolymph. However, cuticular 

pigmentation appears to be more sensitive to the action of fenoxycarb, probably due to the 

topical application of the juvenoid. On the other hand, treatment of newly molted adults 

accelerated the yellowing of the cuticle in both species, despite an increase within a few 

days of the levels of cyanoproteins in the hemolymph. Our results suggest that while 

cyanoproteins are probably involved in the normal green coloration of early instar nymphs 

of S. americana and the juvenoid induced green coloration of last instar nymphs of S. 

americana and S. gregaria, their presence in the hemolymph at stages lacking green 

coloration suggest that they may have other functions in the physiology of these species. 

The pattern of synthesis and stage-specificity of biliproteins vary among insect 

species. Insecticyanin is synthesized by the epidermal cells throughout the larval life of 

M. sexta (Riddiford, 1981, 1982), and is secreted into the hemolymph where it persists in 

the pupa and adult hemolymph from which it is ultimately sequestered into the eggs 

(Cherbas, 1973; Trost and Goodman, 1986). Biliverdin binding protein from P. brassicae 

is actively synthesized in feeding last instar larvae, and late pupae, but synthetic activity 

decreased considerably after adult emergence (Kayser and Krull-Savage, 1984). The 

chromolipoprotein of H. zea is specific to the last larval instar, being completely absent in 

late pupae and adults (Haunerland and Bowers, 1986). The four biliproteins (CPI-4) from 

R. clavatus are synthes~zed cyclically by the fat body during the nymphal stages and 

immediately secreted into the hemolymph, where they accumulate late in the instar and 

disappear during ecdysis (Chinzei et aI., 1991b, 1992). In adult females only CPl is 

synthesized throughout the reproductive stage (Chinzei et aI., 1991b, 1992), and 

incorporated into developing oocytes as CPegg without further processing (Chinzei et aI., 

1990). The cyanoprotein of L. migratoria is present in the hemolymph of both nymphs 

and adults (de Bruijn et al., 1986; de Kort and Koopmanschap, 1987a). We have found 

that LCp was present in the hemolymph of nymphs and adults of S. gregaria, whereas 

HCp was restricted to nymphs. Treatment with fenoxycarb increased the titers of both 

cyanoproteins in nymphs and adultoids, but only ofLCp in adults. Similarly, Cp-I and II 

were present in the hemolymph of nymphs and adults of S. americana, whereas Cp-F was 

induced in nymphs treated with fenoxycarb, but not in adults. These similarities in 
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stage-specificity further support that RCp is probably related to Cp-F, and LCp and LCp' 

are equivalent to Cp-II and Cp-I respectively. 
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Figure 4.1.- UV-Visible absorbance spectra of hemolymph from adult females of S. 

americana (A) and its low density yellow (B) and high density blue (C) fractions after 

ultracentrifugation. 
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Figure 4.2.- UV -Visible absorbance spectra of hemolymph from 16 day old last ins tar 

nymphs of S. americana treated topically within 24 hours from the last ecdysis with 

different concentrations of fenoxycarb. 
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Figure 4.3.- UV -Visible absqrbance spectra of hemolymph from 16 day old last instar 

nymphs of S. americana treated within 24 hours of the last ecdysis with fenoxycarb 

(topical application of 200Jlg/nymph) and/or precocene 2 (con~act applicaiion of 

25Jlg/cm2). 



•... 

/ 

(I. ,----.--,---,--,---1"---,---. -,-- o· · ':: . 
. ::.' g g 

.......... : ......... : ......... : ................... : ......... : ............................ : ........ -

~ ..... . 
~ · ........ j ........ ·;· ........ ;· .. · .... ·;· ........ ; ........ ·i ...... · .. :-- .... · ........... : ......... f> 
r', ' ... ~ 
::::: . '" --...... . ... 0 
o : :.: c· .. .... . .............................................................................. ................. . 

~ : :: :.. : · ... . · ... . · ... . · ... . · ... . · ... . ,. . 
f..·l 

0-
Co 
r', 

'-~_- Precocime 2 . . 
·5 

..... ~ ........ '(25~gi'tm:ij' .. ~ ........ ~ ........ 
. .. . .. . .. . · ., 

t.J t·.J · .......... . ......... :Control. ...... . ....... ; ........ 
.I> 
0 
0 
0 

Joo.... •••• ... · ................................................. . ................... ... . .......... . · . . . · . . . t-.J · . · . · . . . · . . . · . . . ~: · . . . .::. · . . . · . . . 

? 0 

g r.-' _.....!.. __ JI~I.,.-.• _--!.. __ '~_--'l-----r.r._---JL----v.--'-== .. "'J g 
Co o:.~ t1 tn tn t~ t1 Co 
c· :~. :~ Co ;-' ? -;:' C) 

Co coo Co 

:3 Z z .... I ~ m Z 111 rille J) E 

108 

J) 
(t1 
m 
Q 
jJ 
IJ.I 
~ 
n 
111 

Figure 4.4.- UV -Visible absorbance spectra of hemolymph from 16 day old adult 

females of S. americana treated within 24 hours from the last ecdysis with fenoxycarb 

(topical application of 200J..lg) and/or precocene 2 (contact application gf 25J..lg/cm2), 
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Figure 4.5.- Absorbance at 457 and 667nm of hemolymph and cuticular pigmentation 

following treatment with fenoxycarb of newly molted last instar nymphs of S_ americana 

(application within 24 hours from last ecdysis). Each hemolymph sample consists of 

200111 of hemolymph from six specimens (three males and three females) in 800111 of 

buffer. Cuticular pigmentation was scored in each of the grasshoppers according to the 

following criteria: I) brown-grey or pink; 2) light green or yellow; 3) green; and 4) bright 

green. 
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Figure 4.6.- Absorbance at 457 and 667nm of hemolymph and cuticular pigmentation 

following mUltiple treatments with fenoxycarb of newly molted last instar nymphs of S. 

americana (application at 0, 1, 2,4, 8, and 16 days after ecdysis). Hemolymph samples 

consist of 40J..Ll of hemolymph in 160J..Ll of buffer. Cuticular pigmentation was scored as in 

Figure 4.5. Each point in the graphic is the average of six specimens, three males and three 

females. 
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Figure 4.7.- Absorbance at 457 and 667nm of hemolymph and cuticular pigmentation 

following treatment with fenoxycarb of newly molted adults of S. americana. Hemolymph 

samples consist of 40J.1.1 of hemolymph in 160J.1.1 of buffer. Cuticular pigmentation was 

scored according to the following criteria: 1) pink-brown;' 2) brown-grey; and 3) ligth 

yellow. Each point in the graphic is the average of six specimens. 
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Figure 4.8.- Native-PAGE of hemolymph samples from last instar nymphs and adultsof S. americana 
treated with fenoxycarb (F) and controls (C). Each sample contained approximately the equivalent to 
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Figure 4.9.- Native and SDS-PAGE of yellow (Y) and blue (B) bands after 

ultracentrifugation (UC) of hemolymph from last instar females of S. americana, and 

purified chromoproteins from control (C) and fenoxycarb (F) treated insects. G-P= green 

chromoprotein; Cp-F= fenoxycarb induced cyanoprotein; Cp-I= cyanoprotein I; Cp-II= 

cyanoprotein II. 



114 

Silica Gel 60 F-254 

•• o o 

fj)TG 

FA' @) e 
0 0 

0 0 

CH. • • cOG • • oMG -I T' T' I I 

Std-1 C F ~-Car Std-2 

hexane: diethyl ether: acetic acid l' 
(80:20:1 v/v/v) 

Figure 4.10.- Thin layer chromatography of lipids extracted from the 
lipophorin of last instar females of S. americana treated with fenoxycarb (F) 
and controls (C). The lipid classes cholesterol ester (CE), triacylglycerol 
(TG), fatty acid (FA), cholesterol (CH), diacylglycerol (OG), monoacylglycerol 
(MG), and p-carotene (p-Car) were used as standards. Visualization by 
spraying with 50% sulfuric acid in water and heating. 
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Figure 4.12.- UV -Visible spectra of lipids extracted from lipophorin of last instar 

~ema1es of S. americana (-), and commercial p-carotene (- - -) in chloroform. 



Figure 4.13.- DEAE ion exchange chromatography of blue colored bands after 

ultracentrifugation of pooled hemolymph from 50 last instar females of S. americana: a) 

reared on wheat; b) reared on lettuce; and c) reared on lettuce and treated with 100~g of 

fenoxycarb. The samples were eluted with a linear gradient ofKCI (O-O.3M) in 10mM tris 

buffer (pH 8.0). The absorbance at 280nm was measured with an attenuation of 3x (below 

/I) and 8x (above /I). 
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Figure 4.14.- Native-PAGE of the fractions after DEAE ion exchange chromatography of partially 
purified hemolymph from last instar females of S. americana reared on wheat. G-P= green 
chromoprotein; Cp-I= cyanoprotein I; Cp-II= cyanoprotein II. 
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Figure 4.15.- UV-Visible absorbance spectra of: A) Cp-F (- - -), a mixture of Cp-I and Cp-II (-), 
and G-P (_._) in PBS; and B) chromophores extracted from Cp-F ( ..... ), a mixture of Cp-I and 
Cp-II (-), G-P (- .-), and commercial biliverdin (- - -) in 500/0 methanol. 
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Figure 4.16.- Native-PAGE of hemolymph samples from last instar nymphs and adults of 
S. gregaria. Each sample contained about 150Jlg of total protein, except last instarnymphs 0 
and 2 days old and adult males 12 and' 24 days old that contained about 50Jlg of total protein. 
HCp= high molecular weight cyanoprotein; LCp= low molecular weight cyanoprotein. -tv o 
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Figure 4.17.- Native-PAGE of : A) hemolymph samples from last instar nymphs of S. gregaria treated with lOOJ.lg of 
fenoxycarb (within 24 hours of last instar ecdysis) and from the resulting adultoids . Each sample contained about lOOJ.lg 
of total protein, except last instar nymphs 0 and 2 days old that contained 40 and 80J.lg of total protein respectively; 
B) hemolymph samples from control (e) and fenoxycarb treated last ins tar nymphs of S. gregaria. Each sample contained 
about 160J.lg of total protein. Rep= high molecular weight cyanoprotein; Lep= low molecular weight cyanoprotein. 
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Figure 4.18.- Native-PAGE of hemolymph samples from adults of S. gregaria treatedwith lOOJlg of 
fenoxycarb (within 24 hours of adult ecdysis). Each sample contained about 140Jlg of total protein, 
except adult males 0 days old that contained l00Jlg of total proteinin. LCp= low molecular weight 
cyanoprotein. 
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Figure 4.19.- Native and SDS-PAGE of blue band after ultracentrifugation of 

hemolymph (UC-B) and purified low molecular weight cyanoprotein (LCp) and high 

molecular weight cyanoprotein (HCp) from last instar females of S. gregaria treated with 

fenoxycarb. 
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Figure 4.20.- Electropherogram of purified cyanoproteins from last instar nymphs of S. 

gregaria. The samples were run in O.lM phosphate buffer (pH 2.5) at 8KV, and detected 

by absorbance at 200nm. HCp= high molecular weight cyanoprotein; LCp= low molecular 

weight cyanoprotein. 
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Figure 4.22.- RPLC analysis of chromophores extracted from purified cyanoproteins 

of S. gregaria. A) superimposed peaks of biliverdin IXa,p,a,y, B) peaks of the extracted 

chromophores from RCp (- - -) and LCp (----). 
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Figure 4.23.- Total protein and cyanoprotein titers in the hemolymph of control and 

fenoxycarb treated last instar nymphs and adults of S. gregaria, Topical treatments with 

lOOJ.lg of fenoxycarb were applied to newly molted last instar nymphs or adults, within 24 

hours of the last ecdysis. Each point in the graphic is the average of six specimens for last 

instar nymphs and adultoids, and three specimens for adults. 



Hemolymph pigmentation 

Absorbance Absorbance 
Instar Sex N aL 457nm at __ 6_67_nm Cuticular pigmentation 

First males & females 2 pools 2.20 1.43 green 

Third males & females 4 pools 1.02 1.36 green 

males 5 0.81±0.12 0.71±0.10 
Fifth brown-grey 

females 5 0.85±0.12 0.53±0.03 

males 5 1.24±0.15 0.68±0.14 
Mature light yellow 
adults females 5 1.48±0.10 0.51±0.13 

Table 4.1.- Hemolymph and cuticular pigmentation of first, third and penultimate fifth instar 
nymphs and mature adults of S. americana. Each hemolymph sample consists of 40J.l.I of 
hemolymph in 160J.l.I of buffer. To obtain the samples from first and third instar nymphs it was 
necessary to pool hemolymph from several specimens. 
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Hemolymph pigmentation Cuticular pigmentation 

Absorbance Absorbance 
Treatment at 457nm at 667nm B LG G BG 

Fen (200J.lg/nymph) 3.5 3.0 2 8 
Fen (50J.lg/nymph) 1.7 2.5 3 6 
Fen (10J.lg/nymph) 1.5 1.7 3 7 
Fen (5J.lg/nymph) 1.1 1.0 1 4 5 

Fen (lJ.lg/nymph) 0.8 0.6 3 5 2 

Control 0.5 0.7 8 2 

P 2 (l0J.lg/cm2) 0.6 0.6 8 2 

P 2 (25J.lg/cm2) 0.6 0.6 9 1 

P 2 (25J.lg/cm2) + 3.2 3.2 1 7 1 
Fen (200J.lg/nymph) 

Table 4.2.- Hemolymph and cuticular pigmentation of 16 day old last instar nymphs of S.americana treated within 

24 hours of the last ecdysis with fenoxycarb (Fen) and/or precocene 2 (P 2). Each hemolymph sample consists of 200ml of 

hemolymph from 10 nymphs (five males and five females) in 800m1 of buffer. Nymphs were classified according to their 

cuticular pigmentation in one of the following groups: B) brown-grey or pink; LG) light green or yellow; G) green; and BG) 

bright dark green. 
...... 
N 
\0 



MaleL Females 

Absorbance Absorbance Absorbance Absorbance 
Treatment at 457nm at 667nm at 457nm at 667nm 

Fen (200Jlg/adult) 3.2 1.8 3.4 1.8 

P2 (10Jlg/cm2) 3.2 2.0 3.0 1.7 

P2 (25Jlg/cm2) 3.0 1.9 3.2 1.6 

Control 2.9 1.9 3.1 2.1 

Table 4.3.- Hemolymph pigmentation of 16 day old adults of S. americana treated within 
24 hours of the last ecdysis with fenoxycarb (Fen) or precocene 2 (P 2). Each hemolymph 
sample consists of 200JlI of hemolymph from 5 adults of the same sex in 800JlI of buffer. 

>-4 
W 
o 



Stage Treatment 

100Jlg fenoxycarb 
Last instar 

Control 

100Jlg fenoxycarb 
Adult 

Control 

Total protein titers in hemolymph 
(mg protein/ml hemolymph ±S E) 

Males Females 

116.9±12.1 116.4±9.0 

111.6±5.9 107.5±8.7 

47.8±3.4 74.3±5.3 

40.8±2.5 52.0±4.2 

Table 4.4.- Hemolymph protein titers in control and fenoxycarb treated last instar nymphs and 
adults of S. americana. The grasshoppers were treated within 24 hours of the last ecdysis and the 
hemolymph collected after 12 days. Protein content was determined spectrophoto metrically by the 
new Lowry protein-assay. 
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N mg lipid/mg protein+S E mg carotenoid/mg lipid+S E 

Control 3 1.11±O.17 (52%) O.Oll±O.003 (1.1%) 

Fenoxycarb 3 O.94±O.17 (48%) O.016±O.002 (1.6%) 

Table 4.5.- Lipid and carotenoid content of lipophorin isolated from control and fenoxycarb 
treated last instar females of S. americana. The percentages in weight of lipids in lipophorin 
and carotenoids in lipid fraction are expresed in parenthesis. 
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CHAPTER 5 

NEUROTOXIC ACTNITY OF RH-5849 ON S. AMERICANA 

Introductjon 

Wing and coworkers reported RH-5849 (l,2-dibenzoyl-1-tert-buthylhydrazine) 

(Fig. 5.1) as the fIrst non-steroidal ecdysone agonist (Wing, 1988; Wing et al., 1988). 

This novel insecticide is a diacylhydrazine, a novel class of insect growth regulators 

discovered at the Rohm and Haas Company Research Laboratories (Hsu and Aller, 1987; 

Hsu, 1991). RH-5849 has been shown to mimic the action of 20-hydroxyecdysone in 

ecdysone sensitive cell lines (Wing, 1988; Silhacek et aI., 1990; Spindler-Barth et aI., 

1991), and was able to induce premature molting in larvae of severallepidopterous species 

(Wing et aI., 1988; Aller and Ramsey, 1988; Wing and Ramsey, 1989; Kiuchi, 1990; 

Gadenne et al., 1990; Chan et aI., 1990; Smagghe and Degheele, 1992; Monthean and 

Potter, 1992). These phenomena appear to occur by direct action of RH-5849 on the 

ecdysone receptors at the target tissues, rather than by stimulating an elevation of 

endogenous ecdysone titers (Wing et aI., 1988). The ecdysone agonist has also been 

reported to possess morphogenetic activity, producing nymphal-adult intennediates in the 

milkweed bug, Oncopeltus Jasciatus (Darvas et al., 1992), supernumerary nymphs and 

larval-pupal intennediates in the European corn borer, Ostrinia nubilalis (Gadenne et aI., 

1990), and premature head capsule apolysis and death during molting due to the inability 

to shed the old cuticle in the Colorado potato beetle, Leptinotarsa decemlineata (Darvas et 

al., 1992). In addition, ingestion by adults in a wide range of Lepidoptera and some 

species of Coleoptera and Diptera reduced feeding and oviposition (Wing et al., 1988; 

Aller and Ramsey, 1988; Monthean and Potter, 1992). The ecdysone mimic was found to 

break larval diapause in O. nubilalis (Gadenne et al., 1990), whereas it induced diapause 

in a hymenopterous parasite, Aphidius matricariae (polgar and Darvas, 1990). 

Although premature molting has been reported in larvae of the Japanese beetle, 

Popilliajaponica (Monthean and Potter, 1992), the blowfly Neobelleria bullata (Darvas et 

al., 1992), and the house fly, Musca domestica (Ghoneim et al., 1991), neurotoxicity is 

often the most important action ofRH-5849 in Coleoptera and Diptera (Wing et al., 1988; 

Aller and Ramsey,1988; Salgado, 1992a; Lawrence, 1992; Monthean and Potter, 1992). 

In all cases the neurotoxic symptoms involved tremors and movement of appendages, 
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followed by paralysis and death after a few hours. The neurotoxic mode of action of 

RH-5849 and other diacylhydrazines have been recently related to the block of delayed 

rectifier voltage-dependent potassium channels (IK channels) in neurons as well as in 

muscle (Salgado, 1992a, b). Block of nerve and muscle IK channels was in all cases 

significant at concentrations that would be achieved in the insect following injection of an 

acute toxic dose of RH-5849 (Salgado, 1992a, b), indicating that the K+ channel block is 

the primary neurotoxic mechanism of action of RH-5849, although it may have other 

neurotoxic targets as well. 

We were curious about whether Orthoptera might show effects similar to that 

described for other insects. Acordingly, we tested RH-5849 for ecdysonergic, neurotoxic 

and morphogenetic activities on the American grasshopper, Schistocerca americana, and 

compared them with those of the natural molting hormone p-ecdysone, some structurally 

related benzoyl phenyl ureas (BPUs), and some neurotoxic insecticides. We were 

surprised to discover in our first trials that RH-5849 induced bilateral autotomy of the 

metathoracic legs. We have therefore broadened our investigation to include autotomy, as 

well as what kinds of ecdysone related activities and/or neurotoxic effects might be 

induced by RH-5849 in grasshoppers, and to evaluate its potential as an alternative 

method for grasshopper and locust control. 

Materials and Methods 

Chemicals: 

The ecdysone agonist RH-5849 (1,2-dibenzoyl-l-tert-buthyl hydrazine) (analytical 

standard) was provided by the American Cyanamid Company (Princeton, NJ). The 

benzoyl-phenyl ureas teflubenzuron (E.C.5%), chlorofluazuron (E.C. 5%) and XRD-473 

(technical 97%) were provided by Dow Chemical (Midland, MI). The neurotoxic 

insecticides dieldrin (99.8%), aldrin (99%), kepone (86.6%), endosulfan (100%), 

heptachlor epoxide (99.3%), lindane (99%) and toxaphene (99.3%) were provided by 

EPA (Research Triangle Park, NC); parathion (98.5%) and malathion (97.5%) by 

Pesticides Rsch. Lab. (Perrine, Fla); Aldicarb (99.64%) and Sevin (99.9%) by Union 

Carbide Agricultural Products Company (Research Triangle Park, NC); Carbofuran by 

FMC Chemicals (Middleport, NY); Chlordimeform (99.6%) by Nor-Am; EPN (100%) by 

DU-Pont Nemours & Co. (Wilmington, Del); and p,p'DDT (Tech. 77%) by Nutritional 

Biochemicals Corporation (Cleveland, Ohio). Analytical standards of the insecticides 
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o,p'DDT (99.6%), p,p'DDD, Dicofol, EDO (CSRIO), NRDC-157 (Roussel UCLAF), 

IS-157 (Roussel UCLAF), Deltamethrin (Roussel UCLAF), and GH-401 (CSRIO) were 

a gift from Prof. D. Soderland (Cornell University). The natural molting hormone 

20-hydroxyecdysone; the neurotransmitters acetyl choline chloride (99%), L-glutamate 

(99%), DL-octopamine hydrochloride, and GABA (99%); the neurotoxins aconitine 

(95%), veratridine, procaine, 4-aminopyridine (98%) and tetraethyl amonium chloride; 

and dried whole venom from Apis melli/era were purchased from Sigma 

Insects: 
Stock populations of the grasshoppers S. americana and Melanoplus differentialis 

melanistic were reared under crowded conditions as described elsewhere (Chapter 2). 

Experimental design for biological responses: 
Newly molted last instar nymphs of S.americana, within 24 hours of the last 

ecdysis, were injected in the abdominal sternum with 200, 100, 50, 10, and 5Jlg/g of 

RH-5849 and 200, 50, and lOJlg/g of 20-hydroxyecdysone dissolved in 5JlI of dimethyl 

sulfoxide (DMSO); or topically treated with 200, 50, and 5Jlg/g of RH-5849 dissolved in 

5JlI of hexane: mineral oil: acetone (4:1:5,v/v/v). Controls were injected with DMSO only 

or treated topically with the oil solution. Each treatment was tested in 25-30 nymphs, 

which were checked daily to evaluate neurotoxic reactions. In addition, the length of the 

last instar was recorded to determine ecdysonergic activity, and the resulting adults 

maintained for 5 days to establish possible morphogenetic abnormalities. Control and 

treated nymphs were maintained in groups of 10 per one gallon glass jar, and fed daily 

with wheat seedlings. Treated and control insects were maintained at a photoperiodic 

regime of 16 hours light and 8 hours dark, at a temperature of 302 C. A Fisher protected 

least significance difference test (Fisher PLSD) was chosen to perform multiple 

comparisons among the lengths of last instar means. 

Neurotoxic responses were further studied by injecting newly molted last instar 

nymphs of S. americana with 400, 360, 320, 280, 240, 200, 160, 120, 80, 40, 20, 10, 

and 5Jlg/g of RH-5849 dissolved in 5JlI DMSO. Each treatment was tested in 30 nymphs, 

composed of half of each sex, maintained individually in 9 oz transparent plastic cups and 

checked periodically over 48 hours. Newly molted adults and 5-10 day old last instar 

nymphs of S. americana and 5-10 day old last instar nymphs of the grasshopper M. d. 
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melanistic were treated in the same way. In this experiment, each treatment was tested on 

10 grasshoppers, composed of five of each sex. The loss of coordination and equilibrium 

within the first hour post-treatment (knock-down), the drop of one or both hind legs 

(autotomy), and paralysis and death at 48 hours (mortality) were recorded as different 

types of neurotoxic responses. The lethal dose to kill SO% of the specimens (LDSO), the 

effective dose to induce knock-down in SO% of them (KDSO), and the effective doses to 

induce autotomy in 30% of them (AD30) were calculated by Probit analysis (Finney, 

1971). The AD30 was chosen instead of an ADSO because the percentage of autotomy has 

only a dose-dependent linear response in the range 0-40 to 60%. 

In order to determine whether autotomy induction is mediated by the brain, 

decapitated and normal S-1O day old last instar nymphs were injected with 400, 200, 100, 

SO and 10 Ilg/g of RH-S849 dissolved in Sill DMSO. Each treatment was tested in 10 

nymphs (S-1O days from the last ecdysis), that were periodically checked over 6 hours, 

before any adverse symptoms were detected in decapitated controls. In a related 

experiment, newly molted last instar nymphs were injected into the femur of the left or 

right hindleg with 200Ilg/g of RH-S849 dissolved in SJ.ll DMSO. Controls were injected 

into the femur with Sill of DMSO or punctured with the micro syringe without injecting 

anything. Each treatment was tested in 20 nymphs, that were checked after 48 hours to 

determine which hindleg was induced to drop. 

The neurotoxic action of the ecdysone agonist RH-S849 was compared with that of 

the following neurotoxic insecticides: DDT analogs (p,p'DDT, o,p'DDT, p,p'DDD, 

dicofol, and EDO), pyrethroids (NRDC-1S7, IS-1S7, deltamethrin, and GH-401), 

organophosphates (malathion, parathion and EPN), carbamates (aldicarb, carbofuran and 

sevin), amidines (chlordimeform), cyclodienes (aldrin, dieldrin, kepone and endosulfan) 

and chlorinated hydrocarbons (lindane, toxaphene, and heptachlor epoxide). Some 

structurally related BPUs (teflubenzuron, chlorofluazuron and XRD-473), 

neurotransmitters (acethyl choline, L-glutamate, octopamine and GABA), neurotoxins 

(aconitine, veratridine, procaine, tetraethyl amonium chloride and 4-amino pyridine), and 

bee venom were also tested. Each compound was tested in 10-30 newly molted last instar 

nymphs, composed of half of each sex, by injection in the abdominal sternum with 200, 

100 and SO Ilg/g dissolved in Sill DMSO. If the compound showed neurotoxic activity, 

the doses were reduced until the activity was lost. If the compound showed no activity, the 

doses was increased. The pyrethroid NRDC-1S7 and p,p' DDT were also tested by topical 
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application on the abdomen of 10 newly molted last instar nymphs. Each specimen was 

maintained individually in 9 oz transparent plastic cups and examined periodically for 48 

hours to record autotomy induction at 1 and 24 hours, knock-down at 1 hour, and 

mortality at 48 hours. The LD50, KD50 and AD30 of the compounds with some of these 

activities were calculated by Probit analysis. The joint action of mixtures of RH-5849 with 

p,p'DDT, 4-amino pyridine or procaine were tested under the same conditions in order to 

elucidate synergistic and antagonistic effects. The mixtures were formulated according to 

the relative potencies of their components, each mixture containing equipotent 

concentrations as calculated by the ratio of their respective LD50s. 

The viability of autotomized grasshoppers was established by comparing newly 

molted last instar nymphs of S. americana with no hind legs, and with only one hind leg, 

with normal control adults. Nymphs were physically induced to autotomize by grasping 

one hind leg at a time until the nymph voluntarily dropped it. Each experimental group 

consisted of 50 nymphs, composed of half of each sex, that were checked daily until five 

days after adult ecdysis. The nymphs were maintained in groups of 10 per one gallon 

glass jar, under identical conditions to the first experiment described. The length of the 

last instar in each experimental group was compared by a Fisher PLSD test. 

Results 

The ecdysone agonist RH-5849 was tested on newly molted last instar nymphs of 

S. americana, either by injection or topical application (Table 5.1). The injection of 200 

and 1ooJ.1g/g induced the drop of one or both hind legs, a phenomenon called autotomy, 

followed by paralysis and eventually death after 2-3 days in about 95 and 50% of the 

nymphs respectively. At lower concentrations the induction of autotomy and paralysis was 

reduced. On the other hand, topical application of RH-5849 failed to produce any 

neurotoxic activities at the concentrations tested. Injection of 20-hydroxyecdysone did not 

induce autotomy or paralysis. In all cases, mortality prior to and during adult ecdysis and 

the number of morphogenetic abnormalities in the resulting adults were very low, and at 

levels similar to the controls (Table 5.1). None of the compounds induced premature 

molting, and the duration of the last nymphal instar was similar in treated and control 

nymphs, except for the survivors following the injection of 200 and 100J.1g/g of RH-5849. 

These treated nymphs needed about one more day on average to molt to adults. This 

difference was statistically significant for nymphs injected with 100J.1g, but not for the 
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only survivor after injection with 200~g ofRH-5849 (Table 5.1). 

In a typical sequence of events, the injection of 200~g/g or higher concentrations 

of RH-5849 into newly molted last instar nymphs of S. americana induced convulsive 

movements of the hind legs and tremors of the body, followed in most cases by loss of 

coordination and equilibrium (knockdown) within a few minutes. Usually within the fIrst 

minutes post-injection, nymphs may drop one or both hind legs (autotomy). The process 

is, in most cases, followed by paralysis after a few hours, and eventually death at 2-3 

days. All three neurotoxic responses were dose-dependent, but the percentage of autotomy 

was never higher than 60% (Fig. 5.2). At sublethal doses the levels of autotomy were 

always low. The effective doses to induce autotomy (AD30), knock-down (K050) and 

mortality (LD50) were 97, 192 and 143~g/g respectively. A very similar pattern of 

neurotoxic responses were induced by the injection of RH-5849 in last instar nymphs of 

different age (5-10 days old) and in a different physiological stage (adults), although the 

AD30 of newly molted adults was higher than those in last instar nymphs of both ages 

(Fig. 5.3). On the other hand, last instar nymphs of a different species of grasshopper, 

M.d. melanistic~ were apparently less susceptible to RH-5849 activity (Fig. 5.3). 

Autotomy and the other neurotoxic responses were also induced by the injection of 

RH-5849 in third instar nymphs of S. americana and M. d. melanistic, and in nymphs and 

adults of several unidentified species of grasshoppers. The injection of RH-5849 in 

nymphs and adults of the house cricket, Acheta domestica, induced tremors of the body 

followed by paralysis and death. However, despite the strong convulsive movements of 

the hind legs, autotomy never occurred. Similar neurotoxic responses, except autotomy, 

were found by the injection of RH-5849 into adults of the milkweed bug, and the 

American cockroach, Periplaneta americana. 

The injection of RH-5849 into the hindlegs of newly molted last instar nymphs of 

S. americana induced the autotomy of the same hindleg that was injected in 48% of the 

nymphs (Table 5.2). In only one case a nymph droped the hindleg that was not injected. 

Knock-down was absent and mortality at 48 hours very much reduced. Controls injected 

with 5~1 DMSO also dropped the injected hindleg in 18% of the cases. Puncture of the 

femur, without injection of fluids, induced autotomy in one nymph. The injection of 

RH-5849 in decapitated last instar nymphs induced autotomy and paralysis at levels 

similar to those found in normal last instar nymphs (Table 5.3). 

The neurotoxic responses of RH-5849 were compared with those of other 

neurotoxins (Table 5.4). Some DDT analogs, pyrethroids, aconitine and 4-aminopyridine 
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(4-AP) were able to duplicate the same sequence of neurotoxic responses elicited by 

RH-5849. Among the DDT analogs, p,p'DDT, p,p'DDD and EDO showed similar 

activity, whereas o,p'DDT and dicofol lacked activity at the concentrations tested. 

Pyrethroids were the most active, and were able to induce autotomy at concentrations 

down to O.IJ.1g/g. Even IS-157, the less-active enantiomer of NRDC-157, showed some 

activity, although only at higher concentrations. The neurotoxins aconitine, veratridine and 

4-AP also induced similar responses, but with veratridine only 9% of the cases of 

autotomy occurred within the first hour, compared to 70% with aconitine, 84% with 

4-AP, 78% with pyrethroids, 66% with DDT analogs, and 77% with RH-5849. 

Furthermore, pyrethroids, aconitine and veratridine were better knockdown than toxic 

agents, whereas RH-5849 and 4-AP showed similar levels of toxic and knock-down 

activities, and DDT analogs were slightly better toxicants than knock-down agents. 

Topical application ofNRDC-157 induced the same neurotoxic response as when injected 

(Fig. 5.4), but the LD50 increased about three times, and the AD30 and KD50 by about 

one order of magnitude. In addition, the percentage of cases of autotomy within the first 

hour was reduced to 33%. Topical application of p,p' DDT did not induce any neurotoxic 

response up to a concentration of 400J.1g/g. All other insecticides that were tested induced a 

different sequence of neurotoxic responses. Cyclodienes and other chlorinated 

hydrocarbons did not induce any appreciable response until several hours post-injection, 

with the exception of lindane that showed knockdown activity. Autotomy sometimes 

happened, but always in low numbers and after several hours. Organophosphates and 

carbamates induced tremors within 5-20 minutes, followed by knockdown within the first 

hour. In 96% of the cases autotomy occurred after several hours. Bee venom and procaine 

caused knock-down and mortality, but did not induce autotomy. At the higher 

concentration tested only a small percentage of knock-down and mortality was found with 

chlordimeform and tetraethyl amonium chloride (TEA). None of the neurotransmitters and 

BPUs were able to induce any response at the concentrations tested. 

The joint action of mixtures of toxicants that produce the same measured activities 

may have additive, synergistic or antagonistic effects. We tested the mixtures of RH-5849 

with p,p'DDT, 4-AP or procaine, each containing equipotent concentrations of these 

neurotoxins, as calculated by the ratio of their respective LD50s (Table 5.4). We then 

compared if the observed responses to the mixtures were significantly more or less active 

than expected on the basis of additive action (Table 5.5). When two toxins have additive 

effects we can predict the joint action of the mixture (ED50mix) based on the ED50s of the 
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individual components and the make up of the mixture by the following equation: 

1IEDSO(mix) = [proportion toxin-1IEDSO(1)] + [proportion toxin-2IEDSO(2)]. We found 

that the mixture of 4-AP (7S%) with RH-S849 (2S%) showed similar activities to those 

predicted on the basis of additive action. On the other hand, the mixture of p,p'DDT 

(6S%) with RH-S849 (3S%) was more active than predicted, suggesting a synergestic 

effect. The difference between the observed and predicted action was significative for the 

KDSO, with a synergistic ratio of 1.77, but not for the AD30. The difference for the LDSO 

was in the limit of significance (9S% confidence limits slightly overlap), with a synergistic 

ratio of 1.S2. Finally, the mixture of procaine (92%) and RH-S849 (8%) was half as 

active as predicted, suggesting an antagonistic effect. In this case the differences were 

significant for both LDSO and KDSO, with synergistic ratios of O.4S and O.Sl 

respectively. 

The mechanically induced autotomy of one or both hind legs in last instar nymphs 

of S. americana did not affect the survivorship during the last instar and only reduced it by 

4% at the time of adult ecdysis (Table S.6). However, whereas 98% of the control 

nymphs that molted to adults were normal, only 7S% of nymphs lacking both hind legs 

and 89% of nymphs with one hind leg were able to molt successfully to normal adults. 

The rest of the resulting adults possessed curled front wings or wings with their tips 

folded (Table S.6). The length of the last instar was not significantly affected by autotomy 

(Table S.6). 

Discussion 

The ecdysone agonist RH-S849 was discovered to be an effective neuropoison 

when injected in nymphs and adults of the grasshopper S. americana. Treated 

grasshoppers became immediately hyperactive, exhibiting tremors of the body and 

convulsive movements of the hind legs, followed by loss of coordination, paralysis and 

eventually death. These neurotoxic symptoms are similar to those reported for the 

American cockroach (Salgado, 1992a) and some species of Coleoptera (Aller and Ramsey, 

1988). We have corroborated the symptoms observed in the American cockroach, and 

showed that similar neurotoxic responses also occurred in the milkweed bug, and the 

house cricket. However, during the first minutes of the excitatory reaction the 

grasshoppers may drop one or both hind legs (chemically induced autotomy). 

We did not fmd any evidence of ecdysonergic or morphogenetic activities of 
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RH-5849 in grasshoppers. There was no induction of premature molting at any 

concentration tested, and the nymphs completed development to normal adults in about the 

same time as controls, except for those survivors of the injection of 200 and 100Jlg/g who 

required one more day to molt to adults. It has been reported that sublethal doses of 

20-hydroxyecdysone (Kubo et al., 1983) and RH-5849 (Silhacek et al., 1990; Darvas et 

al., 1992) delay molting, probably because at low concentrations these compounds are 

unable to induce molting, but may induce the metabolism of both exogenous and 

endogenous hormone. However, the delay observed in the molting of grasshoppers 

appears to be a consequence of the neurotoxic activity of RH-5849. Following treatment at 

these high concentrations, all nymphs demonstrated a neurotoxic response and even the 

survivors became prostrate for a couple of days without feeding before they start to 

recover, which can account for the delay on the length of the instar. It is known that in 

cockroaches and crickets the regeneration of amputated legs and other appendages 

increases the duration of the intermolt period (Bulliere and Bulliere, 1985). Since 

autotomy of hindlegs was common at these concentrations, it can be argued that this could 

be an alternative reason for the delay observed in the molt. However, we found that this is 

not the case either, since grasshoppers never regenerate autotomized hindlegs, and the 

length of last instar nymphs was not significantly affected in mechanically autotomized 

grasshoppers. The lack of any type of activity following the injection of 

20-hydroxyecdysone might be due to its inactivation before it reached the target tissues. It 

has been reported that 20-hydroxyecdysone, injected in the African migratory locust, 

Locusta migratoria, is rapidly metabolized and excreted at stages when the titers of 

endogenous molting hormone are low (Hoffmann et al., 1979; Feyereisen et al., 1976). 

The voluntary excision of the hind legs or autotomy is a common predator escape 

response mechanism in grasshoppers (Uvarov, 1977) and crickets (Steiner, 1968; 

Matthews and Matthews, 1978). A grasshopper held by one of its legs can escape by 

voluntarily discarding it. Autotomy is achieved by a rupture between the base of the femur 

and the trochanter as a result of violent muscular contractions. In the process no muscles 

are damaged, and a membrane between the trochanter and the femur acts as a diaphragm to 

prevent blood loss after autotomy (Brousse-Gaury, 1958). Once lost, the hind legs never 

regenerate. Autotomy in grasshoppers and crickets can be induced by physical stimulus 

applied to the hind femur, such as mechanical pressure, temperature or an electrical shock 

(Brousse-Gaury, 1958; Uvarov, 1977). Chemically induced autotomy has been also 

described. Brousse-Gaury (1958) showed that the injection of potassium cyanide or the 
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inhalation of fonnaldehyde vapors by the house cricket induced autotomy, but not sulfur 

dioxide or tobacco val'ors. Uvarov (1977) mentioned that autotomy occurs when 

grasshoppers are put into a killing bottle. We have found that RH-5849 was able to induce 

autotomy in different species of grasshoppers, but not in the house cricket. On learning of 

our work with S. americana, Pener was able to show that RH-5849 would induce 

autotomy in the African migratory locust, and the desert locust, Schistocerca gregaria ... but 

not in the cricket Gryllus bimaculatus (personal communication). A variety of neurotoxins 

with different modes of action were also able to induce autotomy in S. americana. This 

suggests that chemically induced autotomy in grasshoppers is a non-specific response to 

many neuropoisons that are able to produce violent muscular contractions. We have 

found, however, two exceptions in the carbamate aldicarb and bee venom, which were 

able to produce tremors and spasms but failed to induce autotomy. The case of bee venom 

is of particular interest, since it has been reported to induce autotomy in the orb-weaving 

spider, Argiope spp. (Eisner and Camazine, 1983). In this species, autotomy occurs at the 

coxa-trochanter joint when a spider is stung in a leg by a poisonous predator. 

Brousse-Gaury (1958) showed that in the house cricket autotomy disappears if the 

nervous connection between the hind legs and methathoracic ganglia were cut. On the 

other hand, decapitation of crickets did not prevent the occurrence of autotomy, 

suggesting that autotomy is a reflex act controlled by the methathoracic ganglia. Our 

results support this contention, since chemically induced autotomy in grasshoppers was 

not prevented by decapitation. Salgado (1992a) showed that the convulsive movements of 

legs induced by the injection of RH-5849 in adults of the American coc1croach were not 

affected when the connective nerves between thoracic ganglia were cut. However, when a 

thoracic ganglia was severed from the leg nerve, the movement on that leg stopped, 

suggesting that RH-5849 may stimulate activity in motor circuits by affecting the central 

nervous system. We have found that injection of RH-5849 into the abdomen of 

grasshoppers induced bilateral autotomy, whereas injection into the femur of a 

methatoracic leg induced autotomy of the injected leg in most cases. This unilateral 

autotomy can not be totally explained by physical stimulus, since injection with DMSO or 

punture with the microjeringe induced autotomy of the treated leg at a much lower rate. 

Therefore, chemically induced autotomy in grasshoppers appears to be the result of the 

activity of RH-5849 in the peripheral nervous system or muscle itself, in addition to the 

central nervous system. 
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Since only DDT analogs, pyrethroids, aconitine and 4-AP were able to match the 

sequence of neurotoxic symptoms elucidated by RH-5849, they may possess a similar 

mode of action. Pyrethroids, DDT analogs and aconitine are known to prolong the action 

potential of nerve membranes by retaining depolarizing voltage-dependent sodium 

channels in an open configuration (Catterall, 1977; Lund and Narahashi, 1983). On the 

other hand, 4-AP prolongs the action potential of muscle and nerve membranes by 

blocking the potassium channels that restore the resting potential (Lancaster, 1991). We 

have tested which mechanism of action might be involved, by studying the activity of 

mixtures of RH-5849 with neurotoxins of known mode of action. If RH-5849 selectively 

blocks voltage dependent potassium channels, we expect that it will synergize with a 

neurotoxin that selectively open sodium channels (p,p'DDT), and have an additive effect 

with a neurotoxin that blocks potassium channels (4-AP). On the other hand, if RH-5849 

retains sodium channels in an open configuration, it will synergize with 4-AP and have an 

additive effect with p,p'DDT. In both cases it should be antagonized by a neurotoxin that 

specifically blocks sodium channels (procaine) (Taylor, 1959; Hille, 1977). We have 

found that RH-5849 synergizes with p,p'DDT, antagonizes with procaine and has and 

additive effect with 4-AP, suggesting that RH-5849 has a mechanism of action similar to 

4-AP, by blocking potassium channels. During the course of our investigations, Salgado 

(1992a,b) arrived at the same conclusion, establishing that the selective block of potassium 

channels in neurons and muscles is the primary neurotoxic mechanism of action of 

RH-5849. 

During the normal process of molting, a nymph hanging from a support initiates 

ecdysis by splitting the old cuticle along the middle line of the pronotum. Vigorous 

movements of the thorax and abdomen cause the split to widen, and the head and thorax 

come out of the old cuticle. When the pro and mesothoracic legs are freed, the nymph 

remains connected with the exuvium by the hind legs and part of the abdomen. At the end 

of the process, the nymph curves its abdomen to reach with its legs for support and leaves 

the exuvium. At the final molt, the resulting adult hangs from the support for some time, 

until the wings are expanded. Because of. the important role of the hind legs during 

ecdysis, Uvarov (1977) suggested that autotomy in nymphs may interfere with the molting 

process. We have found that autotomy of one or both hind legs did not reduce 

significantly the survivorship rate at the time of ecdysis, but 11 and 25% of the resulting 

adults respectively presented some type of morphological abnormalities in the wings. 



144 

Most autotomized nymphs were observed to successfully complete the molting process. 

However, some fall from the support at the end of ecdysis, and the resulting adults were 

forced to stretch their wings under unnatural conditions. This may explain why some 

nymphs lacking one or both hind legs molted to adults that possessed morphological 

abnormalities in their wings. 

Autotomy and the other neurotoxic symptoms are also induced in the desert locust 

and the African migratory locust (Pener, personal communication), opening a new 

approach to locust and grasshopper control. Lethal doses of RH-5849 would kill most of 

the population in a brief period of 2-3 days, preventing the consumption of vegetation 

immediately after treatment. Autotomy of survivors would prevent marching in nymphs 

and interfere with the last ecdysis to produce adults with limited capacity to fly. Affected 

nymphs and adults without the capacity to migrate will die by starvation. Unfortunately, 

our results have revealed that RH-5849 is only effective when injected, and is without any 

activity by topical application. In addition, lethal doses were reached at relatively high 

concentrations, while sublethal doses induced very low levels of autotomy. The 

optimization of RH-5849 to increase its neurotoxicity and suitable formulations to respond 

to ingestion or topical application, would be required before RH-5849 could be a practical 

alternative for locust control. 
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Figure 5.4.- Neurotoxic responses induced by the injection or topical application of the 

pyrethroid NRDC-157 in newly molted last instar nymphs of S.americana. 



ParalysIs Dead prior & Molt to Normal Adults with Length of last 
T.-eatment ~ N. Autotomy & death 1I!![ln2 eed Y51s ad!! Its ndul1!.i £u[l~d wjn2:i In:ilu {M!:l!n±S E) 

(Ilg/g) (days) 

RH-5849 200 30 21 29 0 1 1 0 lIAB 
(injection) 100 30 14 13 1 16 15 1 1O.4±0.2B 

50 29 3 0 0 29 27 2 9.7±0.2A 
10 29 0 2 0 27 27 0 9.7±0.2A 
5 29 0 0 0 29 28 1 9.7±0.2A 

Control 29 0 0 1 28 27 1 9.8±0.2A 

RH-5849 200 26 0 0 2 24 23 1 9.8±0.IA 
(topical) 50 29 0 0 1 28 28 0 9.6±0.2A 

5 28 0 0 2 26 25 1 9.6±0.IA 
Control 30 0 0 1 29 29 0 9.6±0.IA 

20-hydroxy- 200 29 0 0 0 29 27 2 9.7±0.2A 
ecdysone 50 30 0 0 0 30 30 0 9.8±0.2A 

(injection) 10 30 0 0 1 29 28 1 9.8±0.2A 
Control 28 0 0 0 28 28 0 9.7±0.2A 

Table 5.1. Neurotoxic reactions, morphological abnonnalities and ecdysonergic activity induced by the ecdysone 
agonist RH-5849 and the molting honnone 20-hydroxyecdysone in newly molted last instar nymphs of S. americana. 
Length of last instar means with the same capital letter within each treatment group are not significantly different 
from each other (a= 0.05, Fisher PLSD test). 
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Hindleg Autotomy of Autotomy of Paralysis 
Treatment iniected N left hindleg right hindleg Knock-down and death 

(at 24 hours) (at 24 hours) (at 1 hour) (at 48 hours) 

RH-5849 Left 20 8 2 
(2OOllg/g) 

Right 20 1 11 

Control Left 20 5 
(51l1 DMSO) 

Right 20 2 

Control Left 20 
(puncture) 

Right 20 1 

Table 5.2.- Neurotoxic reactions induced by the injection of RH-5849 into the femur of the 
left or right hindleg of newly molted last instar nymphs of S. americana. 

...... 
VI 
o 



RH 5849 

(Jig/g) 

400 

200 

100 

50 

10 

Control 

NORMAL 

.Ii. Autotomy Paralysis 

10 6 10 

10 6 10 

1 0 1 1 

10 0 0 

10 0 0 

10 0 0 

DECAPITATED 

.Ii. Autotomy Paralysis 

10 5 10 

10 6 9 

10 4 5 

10 2 2 

10 0 0 

10 0 0 

Table 5.3.- Neurotoxic reactions induced by injection of the ecdysone agonist RH-5849 into 

decapitated and nonnallast instar nymphs of S. americana (5-10 days old from last ecdysis). 
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Z!! !!I!I:le 1 !!!!I!ele lliW lliili ~ 1Juili: !!.~I!ele !!.hele 
A K M. A K M. A K M. A. K. M. A K M. A. K M. A. K M. A. K M. ~~Lllli 

(/1g/g) 
e:m~thIQid~ 

NRDC-157" 47/10 100 100 70/17 100 93 80/10 100 90 4O{lO 83 57 SO/17 87 40 47{30 67 13 SO/3 77 13 3/3 33 0 0.27 0.20 62 
IS-157· SO/IO 70 30 10~ SO 20 10120 0 0 0 0 0 92 122 21» 

DTM" 7/3 100 100 17/3 100 93 23n 100 90 20n 97 60 10/3 90 30 13/10 73 3 10.0 77 7 m80 0 <0.1 8.8 
GH-401·· 53/10 100 93 37/13 97 93 33/30 100 80 SO/10 80 47 37/3 67 20 23/13 43 7 3~ 23 0 0 3 0 2.3 1.9 13 

~:r:£IQdien!.l~ 
Aldrin· O/SO 0 100 0120 0 100 O{lO 0 100 0 0100 0 o 70 0 0 60 0 0 10 106 1.5 
Dieldrin· 0/30 0 100 0120 0 100 0120 0 100 0/10 0 100 0 0 90 0 o 40 0 0 10 1.5 
Kepone· O{lO 0 90 0/10 0 100 0 o 90 0 0 0 32 
Endosulfan· O/SO 20 100 0 o 40 0 o 20 171 87 

Other chlorinated 
h:r:drocarhons 

Lindane· 0/60 100 100 0/20 100 100 0/10 40 100 0/20 0 90 0 o 30 o 0 10 95 42 4.4 
Toxaphene· 0 o 80 0/10 0 90 0 10 60 0 o 0 56 
Heptachlor epoxide. 0/30 10 100 0/20 0 100 0/20 0 100 O{lO 0 100 0/10 0 70 o 0 30 1.9 

Q[gan0I!hQsI!bal!C~ 
Malathion" 0/30 100 100 0 90100 0/10 SO 60 0 20 0 0 0 0 31 38 
Parathion· 0/10 100 100 o 100 100 0/20 80 100 0/20 60 100 0/30 SO 100 0 0 20 0 0 10 10 1.4 

EPN· 0/10 100 100 0/10 80 100 0/30 80100 0/60 30 90 0/60 0 60 0 0 10 0 0 0 20 3.4 

Carbamates 
Aldicarb· o 100 100 0100100 0100100 0 90100 0 20 80 0 o 30 0 0 10 6.9 19 
Carbofuran· o 100 100 o 100 100 o 100 100 0/10 100 100 0/20 100 100 O/SO 100 100 OnO 100 100 10/10 30 10 0.14 0.19 

Sevin· 0/20 100 100 0/40 100 100 O/SO 100 100 10/SO 100 90 0/20 SO 30 0 0 0 4.0 6.6 

Qthe[ neurotollim 
Aconitine·· 30/20 100 60 23n 93 27 47/11 80 10 17n 20 0 7/3 10 0 14 21 164 

Veratridine·· 0/3 100 100 3n 97100 3/10 100 93 0/20 73 57 0/27 87 53 0 53 .7 <I 6.5 

Table 5.4.- Reactions induced in last instar nymphs of S. americana by injection of several neurotoxins (A: percentage autotomy 
induction at Ih/24h; K: percentage knockdown at lh; M: percentage paralysis and mortality at 48h). (*N=lO; **N=30). 
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• 
~ l.IIu:.a ~OOI!l:/g ~OO"glg ~!!hglg I!!!!uglg lliili J..2.J!W 

A. K M A.. K M A.. K MA.. K MA.. K MA. K M A. K M A. K M A..In2 ~ lJlli 
(l1g/g) 

Ecd:tsone agonist 
RII-5849" 43/10 100 91 S7{1 77 90 13{1 7 13 10{1 0 3 3.0 0 0 97 192 143 

~S"!I2tIIID~mill~n 
Acetbyl choline· 0 0 0 0 0 0 0 0 0 0 0 0 

L-glutamate· 0 0 0 0 0 0 0 0 0 0 0 0 

Octopaminc· 0 0 0 0 0 0 0 0 0 0 0 0 

GABA· 0 0 0 0 0 0 0 0 0 0 0 0 

Om: !!DaI!UI~ 
p,p'DDT·· 36/3 91 91 43/13 33 60 30/10 13 23 17/10 10 17 3/3 0 0 146 333 261 

o,p'DDT· 0(20 10 SO 0 0 0 0 0 0 0 0 0 

p,p'DDD· 20/30 20 70 20120 30 30 0 0 0 0/10 0 0 237 283 

Dicofol· 0 0 0 0 0 0 0 0 0 0 0 0 

EDO* 60/10 SO 80 SO(20 40 70 30/30 20 30 0 0 0 100 364 ISO 

Amidines 
Chlordimeform· 0 0 10 0 0 0 0 0 0 

BS:Dil:2l!1 I2ben:t1 1![~IU 
Teflubenzuron· 0 0 0 0 0 0 0 0 0 

Chlorofluazuron· 0 0 0 0 0 0 0 0 0 

XRD-473· 0 0 0 0 0 0 0 0 0 

Hee venom· 0 60 100 0 10 100 0 0 70 0 0 0 179 36 

Other neurotoxins 
Procaine·· 0 S3 91 0 43 43 0 47 10 0 33 3 0 0 0 2169 1664 

4-amino pyridine·· 33{1 73 80 17/3 SO 57 3.0 13 7 0 0 3 S94 459 428 

TEA· 0 10 30 0 0 0 0 0 0 0 0 0 

Equipotent mixtures 
of ncurotoxins 

4-AP (75'10)1 
33.0 93 91 43/3 63 S3 3.0 30 27 RH-5849 (25'10)·. 336 296 312 

p,p'DDT (65'10)1 
43/10 87 90 60{1 8) 77 27/3 23 33 102 ISO 133 RH-5849 (35'10)·. 

Procaine (92'10)1 (304OIIg/g) (2280lIg/g) (1520118/g) 

RH-5849 (8'10)·· 0 67 93 0 SO 60 0{1 23 20 2326 1998 

Table 5.4.- Continuation ...... 
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Ob~~rv~d Pr~di~t~d 
Mixtures of Synergistic ratio 
neurotoxins 95 % CL (gg/g) 95% CL ("gIg) (Pre/Obs) 

LD50=312J.lg/g (256, 380) LD50=286J.lg/g (238, 337) 0.92 
4-AP (7S%)/ KD50=296J.lg/g (236, 376) KDSO=341J.lg/g (28S, 401) LIS 
RH-S849 (2S%) AD30=336J.lg/g (284, 400) AD30=260J.lg/ g (198, 344) 0.77 

LDSO=133J.lg/g (99, 178) LDSO=203 J.lg/ g (171, 236) 1.S2 
p,p'DDT (6S%)/ KDSO=IS0J.lg/g (116, 192) KDSO=26SJ.lg/g (23S, 316) 1.77 
RH-S849 (3S%) AD30=102J.lg/g (74, 142) AD30=124J.lg/g (93, 166) 1.22 

Procaine (92%)/ LDSO=1998J.lg/g (1820, 2199) LDSO=899J.lg/g (7S9, 1048) O.4S 
RH-S849 (8%) KDSO=2326J.lg/g (1972, 2730) KDSO=1189J.lg/g (877, IS40) O.SI 

Table 5.5.- Observed and predicted joint action of the equipotent mixtures of RH-S849 with the 
neurotoxins p,p'DDT, 4-amino pyridine (4-AP) and procaine. The predicted action of the mixtures 
was calculated based on the EDSOs of each neurotoxin and the make-up of the mixture by the 
equation: l/EDSO(mix) = [proportion toxin-l/EDSO (1)] + [proportion toxin-2/EDSO(2)]. 
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Dead during Dead during Normal Adults with Adults with tip Length of last 
GrollD Ii last iosta[ fi:!:d Isis aduUs !:u[lfi:d lIio2S !If lIio2S [!lIdfi:d iosta[ (M!:an±S E) 

(days) 

No hind legs 50 0 2 36 4 8 8.29±O.IO 

1 hind leg 50 1 2 42 0 5 8.45±0.11 

Control 50 1 0 48 0 1 8.49±0.12 

Table 5.6.- Viability and length of last instar in mechanically autotomized last instar nymphs of 
S. americana. 
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SUMMARY 

The sporadic outbreaks of the desert locust, Schistocerca gregaria (Forskal), have 

been traditionally controlled by the application of chemical pesticides. However, negative 

effects on the environment have encouraged research, seeking new, environmentally 

acceptable alternatives for desert locust control. Promising alternatives include the use of 

insect growth regulators, that interfere specifically with the normal behavior and 

physiology of the insects, and lack toxic effects on non-target organisms. The present 

study evaluated the biological activities of several juvenoids and a new non-steroidal 

ecdysone agonist on a species closely related to the desert locust, the American 

grasshopper, Schistocerca americana (Drury). Since, during the course of our studies, the 

juvenoid fenoxycarb proved to be the most active of the insect growth regulators tested, 

we also evaluated its activity on the desert locust 

Three aromatic juvenoids (fenoxycarb, JH-286 and a new pyrazole analog) were 

evaluated for morphogenetic, chromotropic, morphometric and prothoracicotropic 

activities on S. americana, and compared their activities with those of commercial 

methoprene and synthetic IH-III. Fenoxycarb, the most active insect growth regulator 

examined, was found to induce a significant mortality in developing nymphs and caused 

severe morphogenetic damage during ecdysis to the adult. The related juvenoids 

methoprene, pyrazole and IH-286 showed similar morphogenetic effects at somehow 

reduced levels of activity. luvenoids treatment were also observed to promote some 

overaged nymphs and to induce chromotropic color changes in both the cuticle and 

hemolymph pigmentation. Except for a reduced larvicidal action, similar levels of activity 

were obtained when fenoxycarb was tested on S. gregaria. Our results indicate that 

fenoxycarb is one of the most effective juvenoids known for acridids. Since all the 

juvenoids tested were developed in synthetic optimization efforts guided by biological 

assays with insects other than acridids, it is unlikely that their performance on locusts and 

grasshoppers is representative of the highest degree of activity obtainable. With 

fenoxycarb as an active model, synthetic optimization efforts based on biological 

evaluations with acridids should permit rapid discovery of more active insect growth 

regulators that may impact favorably on locust control. 
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During the course of our studies on the biological activities of juvenoids on S. 

americana and S. gregaria we noticed that treatment with lH-analogs induced changes in 

the pigmentation of the hemolymph and cuticle. The chromoproteins responsible for the 

green coloration characteristic of the hemolymph of both species were isolated and 

characterized. Hemolymph from last instar nymphs of S. americana was characterized by 

the presence of yellow lipophorin (Lp), a green chromoprotein (G-P), and two 

cyanoproteins (Cp-I and Cp-ll). Treatment with fenoxycarb enhanced the concentration of 

the two cyanoproteins, suppressed the green chromoprotein, and induced the appearance 

of a third cyanoprotein (Cp-F). Immature adults of both sexes showed Lp, G-P, Cp-I and 

Cp-II in the hemolymph, which increased in concentration when they reached maturity. 

Treatment of immature adults with fenoxycarb yielded a chromoprotein pattern similar to 

that of mature adults within a few days, but Cp-F was never induced. Hemolymph from 

last instar nymphs of S. gregaria was characterized by the presence of yellow lipophorin 

(Lp) an two blue cyanoproteins (HCp and LCp), whereas only Lp and LCp were present 

in adults. Treatment with fenoxycarb increased the concentration of both cyanoproteins in 

nymphs, but only of LCp in adults. 

The non-steroidal ecdysone-agonist RH-5849 (1,2-dibenzoyl-l-tert-buthyl

hydrazine) has been reported to possess ecdysonergic, morphogenetic and neurotoxic 

activities in a wide range of insect species. We were curious about whether Orthoptera 

might show effects similar to that described for other insects. Accordingly, we tested 

RH-5849 on S. americana, and compared them with those of the natural molting hormone 

20-hydroxyecdysone, some structurally related benzoyl phenyl ureas, and some 

neurotoxic insecticides. The ecdysone agonist was discovered to be an effective 

neuropoison when injected, immediately inducing hyperactivity, followed by loss of 

coordination, paralysis and eventually death. We also discovered that this insect growth 

regulator induced bilateral autotomy of the methatoracic legs. However, no evidence of 

ecdysonergic or morphogenetic activities were found. Synergism studies with neurotoxins 

of known mode of action suggested that RH-5849 has a mechanism of action similar to 

that of 4-amino pyridine, by blocking potassium channels. Autotomy and the other 

neurotoxic symptoms are also induced in the desert locust and the African migratory 

locust, Locusta migratoria (Pener, personal communication), opening a new approach to 

locust and grasshopper control. Unfortunately, our results have revealed that RH-5849 is 
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only effective when injected, and is without any activity by topical application. The 

optimization of RH-5849 to increase its neurotoxicity and suitable fonnulations to respond 

to ingestion or topical application, would be required before RH-5849 could be a practical 

alternative for locust control. 
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