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ABSTRACT 

Grasshoppers, like most other organisms, require sterols for the production of cellular 

membranes and, like other animals, as precursors to steroid hormones. However, 

grasshoppers, like other insects, cannot synthesize sterols de novo and must acquire these 

essential nutrients from their diets. 

Survival and performance of five grasshopper species, representing three 

phylogenetic lineages and with different host preferences, were compared on artificial diets 

that varied in sterol type. Sterols used were: cholesterol (A^), sitosterol (A^), stigmasterol 

(A^ 22), spinasterol (A'^ ^^) and lathosterol (A*^); these are the most common plant sterols. 

For all species studied, none survived to the adult stage on stigmasterol, spinasterol or 

lathosterol. Performance on the cholesterol and sitosterol diets were similar for most 

species. This study suggests that grasshoppers, as a group, are extremely limited with 

respect to the sterols they can use. 

Grasshoppers, however, are highly polyphagous insects, often feeding on many 

different host-plants. Some of these host-plants contain unsuitable sterols. The effect of 

sterol mixtures on survival and performance was examined by rearing the grasshopper, 

Scfiistocerca americana, on artificial diets containing sitosterol (suitable) and spinasterol 

(unsuitable) presented either alone or in combination. Results indicated that spinasterol, 

even in the presence of high levels of a sitosterol, could prevent development to the adult 

stage. Biochemical analysis of grasshopper tissues revealed that dietary sterols with 

and/or A^^-configurations could not be metabolized to cholesterol. Unmetabolized dietary 

sterols tended to accumulate in the midgut tissues. 

Grasshoppers are known to regulate feeding in response to some nutrients in 

relation to need. To determine if grasshoppers could regulate intake with respect to 

different sterols, a series of behavioral assays was performed. The grasshopper S. 
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americatia was observed feeding on artificial diets with different sterols, in some cases up 

to seven hours. Results suggest that S. americatia developed aversion responses to diets 

that contained unsuitable dietary sterols (A^ and/or A22). Additional experiments suggested 

that the aversion response developed through a combination of post-ingestive feedbacks 

and associative learning. Taken together, these results suggest that sterol metabolic 

limitations may partially determine host-plant affiliations in grasshoppers. 
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CHAPTER I 

INTRODUCTION 

Insects comprise over two-thirds of all living animal species, and their success as a group 

is often attributed to unique adaptations that permit them to exploit resources and habitats 

unavailable to other organisms. Despite their numerous capabilities, insects cannot 

synthesize sterols de novo\ they are unable to make the ring structures from squalene as 

plants and vertebrates do (Svoboda & Thompson, 1985). Like all other living organisms, 

they require sterols in lipid biostructures, and, like other animals, need them as steroid 

hormone precursors (Grieneisen, 1994). Because of their inability to biosynthesize sterols, 

insects must acquire these essential nutrients from their diets. 

The common sterol in animals, including most insects, is cholesterol (A^-sterol). 

Thus carnivorous insects, or those parasitic on other animals, may incur no shortage of 

dietary sterol. In contrast, phytophagous insects do not have access to amounts of 

cholesterol that would alone support normal growth and development because it is rarely 

found above trace levels in plants (Bergmann, 1953; Nes & McKean, 1977). 

Phytophagous insects must either: (1) metabolize the sterols in their host-plants to 

cholesterol, or (2) use them directly. Most phytophagous insects metabolize dietary sterols 

to cholesterol (Ikekawa et al., 1993), but there are some, including all phytophagous 

Hemiptera that have been examined to date, that do not (Svoboda etal., 1994). 

Analysis of many different plants has identified a wide array of phytosterols 

(Bergmann, 1953; Salt era/., 1991; Patterson, 1994). I divide them into two groups: (1) 

end-product phytosterols, and (2) intermediates of end-product phytosterols. The end-

product sterols, which comprise the majority of the total plant sterol pool, are the focus of 

this dissertation (Figure 1). Structurally, end-product phytosterols differ from cholesterol 
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in either one or two major ways. First, they usually have a methyl or ethyl group added at 

C-24on the cholestane side chain (e.g., sitosterol and campesterol, respectively); in some 

cases there also is a double bond located at position 22 (e.g., stigmasterol). Second, 

phytosterols can differ from cholesterol in the position of double bonds within the sterol 

nucleus. For example, a double bond may occur at position 7 rather than position 5 (e.g., 

spinasterol). 

Among different phytophagous insects, however, specific sterol structures are often 

required and not all sterols are equally used. Phytosterols with a A^-configuration, such as 

sitosterol, have been shown to support growth and development in most of the 

phytophagous insects that have been studied, including species in the Orthoptera, 

Hymenoptera, Lepidoptera, Coleoptera and Diptera (reviewed by Bernays, 1992). 

Biochemical studies indicate that cholesterol, which is the dominant tissue sterol in most of 

these insects, is readily produced from sitosterol by the dealkylation of the C-24 methyl 

group on the side chain (Ikekawa et d., 1993). If a double bond occurs at position 7, 

rather than position 5, however, growth and development may be impaired. In the com 

earworm, Heliothis zea, growth is slower on diets containing spinasterol, a sterol with a 

double bond at position 7, than on diets containing A^-sterols (Ritter & Nes, 1981). 

Biochemical studies indicate that cholesterol is not readily produced in the spinasterol-

reared insects because very litde isomerization of the double bond from position 7 to 

position 5 occurs (Ritter, 1984). Variation in response to the addition of a double bond at 

position 22 (A22) also exists among phytophagous insects. Sterols with A22-configurations 

support growth in the Hemiptera, Hymenoptera, Lepidoptera and Coleoptera that have been 

examined (Dadd, 1977); in the lepidopteran species where biochemical studies have been 

performed, a A^^-bond does not prevent dealkylation (Svoboda ei al., 1991). In 

grasshoppers, however, A22-sterols, regardless of the double bond orientation in the sterol 

nucleus, do not support development (Dadd, 1960). 
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Differences in phytosterol use and metabolism among phytophagous insects may, 

however, be correlated with patterns of host-plant use. In plants, sterol profile is 

frequently a reflection of taxonomic position so that species in a given family, and 

especially in a given genus, often have ver\' similar sterol profiles (Patterson, 1994). For 

example, the Cucurbitaceae and Theaceae contain almost exclusively A'^-sterols, while the 

Poaceae and Asteraceae have almost exclusively A^-steroIs (Nes 1977; Nes & McKean 

1977). In the order Caryophyllales, seven of the twelve families possess major and 

sometimes dominant quantities of A'^-sterols; the other five families possess dominant 

quantities of A^-sterols (Salt elal., 1991). For insects that feed on a single plant, or a 

group of closely related plants, specialization implies that the sterols present are suitable. 

For example, Bombyx mori and Crambus trisectus, two lepidopteran species that specialize 

on plants containing sitosterol, can only complete development when reared on diets 

containing sitosterol (Ito etal., 1964; Dupnik & Kamm, 1978); all the other phytosterols 

that were tested failed to support development. At the same time specialization might 

greatly reduce phytosterol metabolic capacity, particularly if specific enzymes are required 

for individual phytosterols and they are costly to maintain. The cactus fly, Drosophila 

pachea, might be a case in point. It is a specialist on senita cactus rots and only develops 

on the a A'^-sterol found specifically in these plants (Heed & Kircher, 1965). Interestingly, 

the tobacco homworm, Manduca sexta, is able to metabolize a suite of phytosterols to 

cholesterol even though it is a specialist (Svoboda & Robbins, 1968). The Solanaceous 

plants on which M. sexta feeds, however, have a mixture of sterols so it is a specialist 

likely to have evolved and maintained the enzymes necessary to metabolize the different 

sterols found in its host-plants. 

Phytosterols are less studied among generalist phytophagous insects. Some work 

has now been done on sterol use and metabolism in H. zea (Ritter & Nes, 1981; Ritter, 

1984), but perhaps the best documented work on sterol use among generalist 
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phytophagous insects has been in grasshoppers (Orthoptera: Acrididae). Using the locusts 

Scliistocerca gregaria (Forskal) and Lociisia nugrcaoria (L.), Dadd (1960) demonstrated 

that these two species could complete development on diets containing sitosterol, 

cholesterol and other sterols, but that they could not survive on artificial diets containing 

sterols that had and/or A^^-configurations. The presence of double bonds at either the 7 

or 22 position has a marked effect on the shape of sterol molecules, and it was suggested at 

the time, that the inability to use these sterols may be due to highly specific uptake from the 

gut. Results from a more recent study, however, indicate that this is probably not the case. 

When L. migraloria was reared on wheat containing abnormally high quantities of A^-

phytosterols, these same dietary sterols were recovered throughout the different insect 

tissues (Costet etal., 1987). Although a double bond at position 8 did not prevent uptake, 

it did reduce the amount of cholesterol that was produced in these grasshoppers. 

The relationship between phytosterols and plant-feeding insects has received 

relatively little attention (Bemays, 1992). Among specialist insects, a limited sterol 

metabolic capacity may restrict switches to novel host-plants and limit the size of their host 

range. Beyond this, however, it probably explains little about how the specialized relation 

with a particular plant (or closely related group of plants) evolved. On the other hand, 

sterol metabolic restrictions in generalist insects may be important in determining patterns 

of host-plant affiliations, particularly if sterol metabolic constraints are widespread among 

insects with this type of feeding strategy. Aside from the negative impact phytosterols can 

have on life-history traits (Behmer & Grebenok, 1998), there is now evidence suggesting 

that phytosterols influence feeding behavior (Champagne & Bemays, 1991). Declining 

meal lengths over successive meals were observed in the grasshopper Scliistocerca 

americana (Drury) when it was presented with spinach, a plant that contains only hP and 

A-2-sterols (these are unsuitable). It was suggested that the aversion response to spinach 
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was due to the presence of these unsuitable and A22-sterols and that it was operating via 

a post-ingesiive feedback following absorption into the midgut tissues. 

Grasshoppers are highly mobile relative to other phytophagous insects and diet 

mixing by individuals appears to be a common phenomenon (Gangware, 1965; Mulkem 

1967; Otte & Joem, 1977; Joem 1979,1985). A high degree of diet mixing and variation 

among plants in their sterol profiles means it is likely that grasshoppers will ingest 

phytosterols that may be unsuitable. In this dissertation, I will examine the impact 

phytosterols have in grasshoppers (Orthopiera: Acrididae), using studies at the 

physiological, biochemical and behavioral levels. A summary of the results and 

suggestions for additional research are discussed in the final chapter. 
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Figure Legend 

Figure 1. Cholesterol and some of the dominant plant sterols encountered by grasshoppers 

in the field. Arrows on the different plant sterols indicate structural variation from 

cholesterol. 
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CHAPTER II 

STEROL METABOLIC CONSTRAINTS AS A FACTOR CONTRIBUTING 

TO THE MAINTENANCE OF DIET MIXING IN 

GRASSHOPPERS (ORTHOPTERA: ACRIDIDAE) 

Introduction 

Grasshoppers are highly mobile relative to other phytophagous insects and diet mixing by 

individuals appears to be a common phenomenon. Among the grasshoppers that have been 

critically investigated, almost 60% are polyphagous, and a further 25% are oligophagous 

on grasses (Bemays & Chapman, 1994). For individual grasshoppers, the benefits of 

feeding on a mixture of plants may be two-fold. First, it allows the opportunity to select 

among foods with a suitable balance of nutrients (Simpson & Simpson, 1990; Bemays & 

Bright, 1993; Simpson, 1995); this generally leads to enhanced growth rate (Kaufmann, 

1965; MacFarlane & Thorsteinson, 1980). Second, it may be an effective strategy to dilute 

potentially poisonous plant chemicals (Freeland & Janzen, 1974; Guglielmo etal., 1996). 

Sterols are required in lipid biostructures and serve as precursors for steroid 

hormones. They are essential nutrients for insects, as well as all other arthropods, because 

they cannot be metabolized de novo (Clayton, 1964; Svoboda & Thompson, 1985). Most 

herbivorous insects metabolize phytosterols to cholesterol to fulfill sterol requirements 

(Ikekawa et al., 1993); cholesterol is the dominant sterol found in cell membranes and 

serves as the precursor for the insect molting hormone 20-OH ecdysone (Grieneisen, 

1994). In some herbivorous insects, however, metabolic constraints limit which 

phytosterol structures can be metabolized to cholesterol. In grasshoppers, sterol metabolic 

constraints have been identified in three different species: Scfustocerca gregaria (subfamily 

Cyrtacanthacridinae), 5". americam (subfamily Cyrtacanthacridinae) and Lociista mgraioria 
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(subfamily Oedipodinae). All three grow and complete development on cholesterol, 

sitosterol and other A^-sterols, but none are able to complete development on and A22. 

sterols (Dadd, 1960; Behmer, 1997). In S. americam, the failure to develop on A'^ and 

A22-sterols has been linked to an inability to metabolize either of these sterols to cholesterol 

(Behmer e/a/., 1998). 

At least one of these species, however, can detect the presence of unsuitable sterols 

in its food. When sixth stadium S. americaiia were presented with spinach, a plant that 

contains only A'7 and A22-sterols (all unsuitable), it was initially accepted (Lee & Bemays, 

1988; Champagne & Bemays, 1991). With continued exposure, however, its acceptability 

declined until it was completely rejected. In the field, grasshoppers that exhibit rejection 

behavior of this magnitude typically switch to an alternative host-plant (Raubenhemier & 

Bemays, 1993; Chambers etal., 1996). That the aversion response shown by S. 

americam towards spinach was indeed triggered by the presence of unsuitable sterols was 

recently confirmed using artificial diet (Behmer, 1997). Similar to the experiment with 

spinach, the acceptability of artificial diets containing unsuitable sterols declined with 

experience until they were completely rejected. 

Different plant spjecies have different sterol profiles but whether this is of any 

general consequence for generalist grasshoppers depends upon how widespread sterol 

metabolic consu^nts are within the Acrididae. In the current study we use a comparative 

approach to examine sterol use in five different acridids representing three separate 

taxonomic groups. The species selected come from diverse habitats and have distinct 

feeding ecologies. For each species we analyze survival on artificial diet containing one of 

six different sterol treatments. We also measure the effect of the different sterol treatments 

on developmental time, growth rate and the rate of frass production (a rough estimate of 

food consumption) in the first two stadia. Unlike many insect species in other 

phytophagous groups that can develop on a range of phytosterols (Dadd, 1977), our results 
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indicate that constraints on sterol metabolism are widespread in the acridids. We review the 

literature on plant sterol profiles and propose that sterol metabolic constraints in 

grasshoppers may be underestimated as a factor contributing to learned aversions of foods 

and the maintenance of diet mixing. 

Methods 

Insects: The five species selected for this study come from three subfamilies within the 

Acrididae: one from the Oedipodinae, two from the Romaleinae and two from the 

Melanoplinae. Phylogenetically, the oedipodines are the most primitive subfamily within 

the Acrididae, followed next by the romaleines; the melanoplines are the most derived of 

the three subfamilies in this study (Rowell, pers. comm.). 

Trimerotropis pallidipennis (Burmeister) was selected as a representative from the 

Oedipodinae. It is a wide ranging species distributed throughout much of the new world 

and typically inhabits dry grasslands where it feeds on a wide variety of plant species but 

predominately grasses (Mulkem etal., 1969; Otte & Joem, 1977; Otte, 1984). 

Romalea gutatta (Houttuyn) and Taenipoda eques (Burmeister) are two species 

from the subfamily Romaleinae. R. gutatta is found throughout the southeastern United 

States (Rehn & Grant, 1959; 1961) while T. eques inhabits desert grass or brush lands 

from central Mexico north to southern Arizona, New Mexico, and southwestern Texas 

(Hebard, 1925; Rehn & Grant, 1959; 1961). Both species are highly polyphagous and 

include plant vegetative and reproductive tissue as well as a high proportion of insect and 

other animal tissue in their diets (Ball & Tinkham, 1946; Whitman, 1985; Raubenheimer & 

Bemays, 1992). 

Finally, Baryiettix humphresyi (Thomas) and Melamplus differentialis (Thomas) 

were chosen as representative species of the subfamily Melanoplinae. B. humphresyi is 

found throughout southern Arizona and is rather common in the Upper Sonoran Zone and 



23 

the higher desert grassland of the Lower Sonoran (Ball et al., 1942); M. differentialis is 

found throughout much of the United Stales (Capinera & Sechrist, 1982). Characteristic of 

most other members belonging to this subfamily, both species are generalists feeding on 

forbs and grasses (Ball &Tinkham 1946; Joem 1979, 1985). 

Adult T. pallidipennis, T. eques and B. hiimphresyi were collected from the field in 

southern Arizona and returned to the laboratory so that eggs could be collected. Adult R. 

giaatia were obtained from a colony at Illinois State University while M. differentialis was 

obtained from a colony at the Rangeland Insect Lab in Bozeman, MT. The adult 

grasshoppers were fed a mixed diet of Romaine lettuce. Kale, 7-10-day-old seedling wheat 

and wheat bran and maintained under standard laboratory conditions with photophase LD 

16:8h and radiant heat LD 24-35:19-22°C. Radiant heal was supplied by a 150 Watt 

incandescent bulb during photophase allowing the grasshoppers lo regulate their body 

temperature; during scotophase air temperature fell to 19-22''C. Cups of moistened sand 

were placed in the adult cages for ovipositing females. Following diapause, where present, 

eggs for all grasshoppers were uansferred to a Percival incubator set at 35''C day/28° C 

night until hatching. 

The Sterols: The sterols used in this study are shown in figure 1. Cholesterol is the 

dominant sterol found in animals, including insects. Lathosterol is a cholesterol analog 

with a rather than a A^-configuration. It, like cholesterol, is mostly found in animals, 

but trace amounts have been reported in plants (Nes & McKean, 1977). The remaining 

sterols used in this study are found in plants. Sitosterol differs from cholesterol only by 

the presence of an ethyl group at C24. It is the dominant sterol found in grasses and many 

other plants (Nes & McKean, 1977). Stigmasterol is a A^<22.sterol with an ethyl group at 

C24. Next to sitosterol, it is one of the more common phytosierols (Nes 1977; Nes & 

McKean, 1977). Spinasierol (A'7'22) and dihydrospinasterol (A"^) each have a methyl group 
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at C24; they are the dominant sterols in the plant families Chenopodiaceae and 

Amaranthaceae (Salt era/., 1991). 

This selection of sterols represents all possible permutations of saturation at C5, 

C7, and C22 and meet the minimum structural requirements for use by insects (Svoboda & 

Thompson, 1985). All sterols were purchased from SIGMA Chemical, except for 

spinasterol and dihydrospinasterol. These two sterols, which we collectively refer to as the 

spinach sterols, were isolated from spinach, Spimcia oleracea, using standard lipid 

extraction techniques and thin layer chromatography; the amount collected was quantified 

using HPLC (Heupel, 1989). Cholesterol, lathosterol and stigmasterol were approximately 

99% pure. Sitosterol was derived from soybean and was a mixture of 60% sitosterol, 27% 

campesterol (A^) and 13% dihydrobrassicasterol (A^). 

The Diet: For all the following experiments, grasshoppers were reared on an artificial diet 

similar to the one used by Simpson etal. (1988). All diets contained a 28% protein (a 3:1:1 

mixture of low fat, vitamin-free casein, bacteriological peptone and egg albumen); 28% 

digestible carbohydrate (a 1:1 mixture of sucrose and white dextrin); 39.7% cellulose; 

2.4% Wesson's salts; 0.5% linoleic acid; 0.5% linolenic acid; 0.3% ascorbic acid; 0.1% 

Ferrulic acid; 0.2% phenylalanine; 0.2% vitamin cocktail (Dadd, 1961). Sterols were 

added to diet at 0.1 % dry weight, an amount which is sufficient for normal growth in other 

grasshopper species (Dadd, 1960; Behmer, 1997). The artificial diet was suspended in a 

1% agar solution in a 1:4 dry ingredients:water ratio and presented to grasshoppers as small 

cubes. To ensure complete development in B. humphresyi, a water soluble factor extracted 

from Romaine lettuce was added to the diet (Kreaky, 1962). 

Experimental Protocol: The reauing procedures used in this study are well established. 

Upon hatching, nymphs were weighed and transferred individually to 1 ounce plastic cups 
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(Solo Cup Company (Urbana, IL)) that contained ventilation holes on both the sides and 

lids. Approximately twenty nymphs, taken from different egg pods, were started on each 

of the six different sterol treatments: cholesterol, sitosterol, lathosterol, stigmasterol, 

spinach sterols and a control diet that was actually a trace sterol diet [the albumen (16.6 /<g 

cholesterol/g) and casein (1.3 cholesterol/g) were the source of the sterol contamination, 

but it was very minor - 0.0018% dry weight]. Grasshoppers were reared in a Percival 

incubator at 35° C day/28*' C night without radiant heat and a photophase of L:D 16:8; they 

were given fresh diet cubes daily. They were also monitored daily to record the duration of 

stadia and the weight of the grasshopper was recorded immediately after each molt. 

Finally, the amount of frass produced during each stadium was measured and used as a 

rough measurement to compare food intake rate across the different treatments (an accepted 

procedure). When grasshoppers reached the fourth stadium, they were transferred to larger 

6 ounce plastic cups (Southwest Glassware (Tucson, AZ)) with ventilation holes on both 

the sides and lids. A small strip of wire mesh, which provided a perch to better facilitate 

molting, was affixed to the underside of each lid. Experiments ran until all the 

grasshoppers had died or molted to the adult stage (except for M. differentialis). 

Grasshoppers were monitored for one additional day after this final molt. 

Statistical Analysis: Survival among the different treatments across stadia was analv'zed 

separately for each species using the nonparametric Lifereg Procedure (SAS). When 

significant differences among treatments were identified, aTukey-type multiple comparison 

was employed (Fox, 1993). Performance on the different sterol treatments, which 

included developmental time, growth rate and the rate of frass production within an 

stadium, was compared using the nonparametric Kruskal-Wallis test. Comparisons were 

limited to the first two stadia because of low survivorship past the second stadium on some 

sterol treatments. 
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Results 

Survival Analysis: Significant differences in survival among the six sterol treatments were 

observed for each species (Table 1), but among the different species there was a similar 

trend in survival on the different sterol treatments (Figure 2). In all cases, survival was 

best on diets containing cholesterol or sitosterol, and only for M. differeniialis was there a 

difference in survival among these two sterols; cholesterol was slightly superior to 

sitosterol (Z=2.667, P<0.01). 

Survival on the other four sterol treatments was mixed among the different 

grasshopper species but some patterns do emerge. For the species that were able to 

complete development to the adult stage, survival was always poorest on the trace sterol 

diet (Table 1). For T. pallidipennis and R. guiaHa survival was not significantly different 

among lathosterol, stigmasterol or the spinach sterol diets; survival on each of these diets 

was, however, superior when compared to the trace sterol diet (Table 1). For B. 

humphresyi, survival on stigmasterol and the spinach sterols was superior to thai on 

lathosterol; survival on all three of these diets was superior to that on the trace sterol diet 

(Table 1). 

For the two species that failed to complete development to the adult stage, T. eques 

and M. differeniialis, slightly different patterns emerge. Survival was equally poor for T. 

eques on the stigmasterol and trace sterol diet; it was intermediate on the lathosterol and 

spinach sterol diet compared to the other diets. For M. differeniialis survival was equally 

poor on the spinach sterol, stigmasterol and trace sterol diet; it was intermediate on the 

lathosterol diet compared to the other sterol U^eatments. 

Performance during ihe Firsi Two Siadia: Developmental time during the first stadium was 

significantly affected by sterols in four of the five species (Table 2a) In most instances 

development was fastest on the cholesterol and sitosterol diets; with the exception of R. 
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gutam, development on the lathosterol, stigmasterol and spinach sterol diets was not 

significantly different from the trace sterol diet. During the second stadium, developmental 

time was significantly longer on the lathosterol, stigmasterol and spinach sterol treatments 

compared to the cholesterol and sitosterol diets (Table 2b). 

Significant differences in growth rate were only obser\'ed in the two romaleines 

during the first stadium (Table 3a). For both R. gutatla and T. eques, growth rate was 

lowest on the spinach sterol and trace sterol diets compared to the cholesterol and sitosterol 

diets. During the second stadium, significant differences in growth rate were observed in 

T. pallidipennis, T. eques and the two melanoplines (Table 3b); for R. gutalta, growth rate 

was only measured on the cholesterol and sitosterol diets because of high mortality on the 

other sterol treatments. For all species, growth rate was always highest on the sitosterol 

and cholesterol diets in the second stadium. 

Finally, the frass production rate (mg frass/days in the stadium) on the different 

sterol diets was measured for each species; this measurement provides a rough estimate of 

food consumption or acceptability. Significant differences in frass production rate among 

the treatments were observed during the first stadium in four of the five species (Table 4a). 

For the two romaleines, frass production was highest on the cholesterol diet and lowest on 

the trace sterol diet. For T. pallidipennis and B. humphresyi, surprisingly, frass 

production was highest on the spinach sterol diet but it was not significantly higher than on 

either the cholesterol or sitosterol diets; it was lowest on the lathosterol and trace sterol diet. 

In the second stadium, significant differences in frass production were again observed in 

four of the five species (Table 4b). For T. pallidipennis, R. gutatta, and B. humphresyi 

(the three species that had individuals survive to the adult stage) frass production was low 

on the lathosterol, stigmasterol and trace sterol diets. For T. eques, frass production rate 

was low on the stigmasterol, spinach sterol and trace sterol diets. 
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Discussion 

For all grasshopper species in this study, survival was always highest on A^-sterol diets 

and none were able to complete development when reared on diets with A''' and/or a22-

sterols. These results, when combined with those previously obtained for the 

grasshoppers S. gregaria (subfamily Cyrtacanthacridinae), S. americana (subfamily 

Cyrtacanthacridinae) and L. migratoria (subfamily Oedipodinae) (Dadd, 1960; Behmer, 

1997), strongly suggest that constraints on sterol metabolism are a shared characteristic 

within the Acrididae; sterols with a double bond at position 7, within the sterol ring 

structure, and/or at position 22, on the cholestane side chain, cannot be metabolized to 

cholesterol and are unsuitable for normal growth and development. The Gomphocerinae, 

which are oligophagous on grasses, now stand alone as the only major subfamily within 

the Acrididae for which sterol use has not been examined in at least one species. It seems 

unlikely that sterol use in this group would deviate from that observed for other acridids 

since grasses tend to be sitosterol-rich (Nes & McKean, 1977). 

Survival on diets with and/or A22-sterols was never significantly poorer than it 

was on the trace sterol diet; rather, it was significantly better in most instances. This 

suggests two things. First, 6J and/or A22-sterols are not immediately toxic to 

grasshoppers. Second, unmetabolized tP and/or A^^-sterols can be used to partially fulfill 

the total sterol requirement in grasshoppers. A sparing mechanism, where these sterols are 

substituted for cholesterol when it is not 'essential' (i.e., cell membranes), is most likely 

operating (Clayton, 1964). In the house fly, Musca domestica, this substitution can be 

ver\' dramatic; the 'essential' cholesterol requirement was found to be only 0.5% of the 

total sterol requirement (Robbins, 1963). The sparing mechanism for grasshoppers, 

however, does not appear to be as efficient as that of the house fly. Cholesterol 

contamination from the albumen and peptone was, on a dry weight basis, equivalent to 4% 

of the minimal total sterol requirement, yet in four of five species mortality on diets with A'^ 
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and/or A^^-steroIs exceeded or was near 50% by the start of the third stadium; for B. 

humphresyi, mortality on these diets exceeded or was near 50% by the start of the fourth 

stadium. It is also interesting to note that survival on the trace sterol diet was greater than 

75% during the first stadium in three of the five species. Cholesterol is the most common 

component of insect eggs (Hoffman & Lagueux, 1985) and the high survival on the trace 

sterol diets suggests that cholesterol allocation to eggs may be substantial. Additionally, it 

is possible that cholesterol allocated to eggs may have provided some of the 'essential' 

cholesterol needed in the production of 20-OH ecdysone for and/or A22-sterol reared 

individuals. 

Performance, however, was negatively affected when grasshoppers were restricted 

to diets containing A^ and/or A22-sterols. These negative effects were fairly consistent 

among the different species and expressed early during development. First, dietary sterol 

influenced stadium duration in both the first and second stadium for most species; it was 

usually longer on diets with A"^ and/or A22-sterols compared to diets with A^-sterols. 

Second, dietary sterol influenced growth rate. Although the effect of dietary sterol on 

growth rates was somewhat variable, when significant differences were observed growth 

rate was reduced on diets with and/or A22-sterols compared to those on diets with A^-

sterols. If the inability to metabolize A^ and/or A22-sterols to cholesterol does not prevent 

absorption across the midgut, as is suggested in a number of phytophagous insects (Ritter, 

1984; Svoboda & Thompson, 1985; Behmer, 1997), at least two possible mechanisms 

may explain the reduced performance of grasshoppers when they are reared on diets with 

A^ and/or A22-steroIs. First, 'leaky' membranes may occur if unmetabolized phytosterols 

are incorporated in a cells phospholipid bilayer (Stein, 1981). For example, if alkylated 

sterols are incorporated into new cells, the alkyl group on the cholestane side chain can 

prevent phospholipids from packing tightly around sterol molecules. This could result in a 
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decreased ability to regulate the movement of important ions and molecules across the cell 

membrane, which may lead to prolonged development and/or a decreased growth rale. 

Second, the inability to metabolize sterols other than sitosterol to cholesterol could 

influence the production of 20-OH ecdysone, the insect molting hormone. A low titer of 

cholesterol could reduce the amount of molting hormone produced or limit the rate at which 

it is produced. If this occurs, developmental rate may be reduced. This may be the case 

with the com earworm, Heliothis Tjea (Lepidoptera: Noctuidae), when it is reared on a 

spinasterol diet; these individuals have tissue sterol concentrations of only 5% cholesterol 

(Ritter 1984) and always take longer to develop than individuals reared on diets containing 

sterols (e.g., sitosterol) that could be efficiently dealkylated to cholesterol (Ritter & Nes, 

1981). 

The type of sterol present in the diet also appears to influence the amount of food 

consumed. Frass production rate on the lathosterol (A*^) and stigmasterol (A5>22) diets was, 

with few exceptions, significantly reduced when compared to the cholesterol (A^) and 

sitosterol (A^) diets; frass production rate on the spinach sterol diet was reduced in T. 

pallidipennis and both romaleines compared to diets with A^-sterols; for the two 

melanoplines, however, frass production rate on the spinach sterol, cholesterol or sitosterol 

diets was not significantly different. If frass production rate is a fair estimate of food 

consumption or acceptability, these findings suggest one of two things. First, the 

unmetabolized phytosterols may be poisonous, making the grasshoppers sick and therefore 

reducing their propensity to feed. Second, and perhaps more likely, the A"^ and/or 

sterols are deterrent to the grasshoppers. This interpretation correlates well with short-term 

observational studies with 5. americana that demonstrate reduced consumption rates on 

artificial diet with unsuitable sterols (Behmer, 1997). The failure to observe complete 

rejections of the diets in the current experiments, however, is not surprising; grasshoppers 

were dependent on these diets for all their nutrients, including water. When grasshoppers 
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have no other food options, an initial aversion based on the dietary sterol will be overridden 

by general hunger or a need for water (Simpson & Ludlow, 1986). 

Sterols have been analyzed from hundreds of plants and some prevailing patterns in 

plant sterol profile are beginning to emerge. First, there are two general variations that 

arise in phytosterol structure; (1) the presence of a double bond at position 5 and/or 

position 7, and (2) differences on the cholestane side chain, which can include the addition 

of a methyl or ethyl group at C-24 and/or the presence or absence of a double bond at 

position 22. Second, plant species in a given family and especially a given genus often 

have very similar sterol profiles (Patterson, 1994). For example, the Poaceae and 

Asteraceae have almost exclusively A^-sterols while the Cucurbitaceae and Theaceae have 

almost exclusively A'^-sterols (Bergmann, 1953). In the order Caryophyllales, seven of the 

twelve families possess major and sometimes dominant quantities of A^-sterols; the other 

five families possess dominant quantities of A^-sterols (Salt er of., 1991). Finally, most 

plants contain a mixture of different sterols. Where A^-steroIs are present, sitosterol (A^), 

campesterol (A^) and stigmasterol (A^'22) often co-occur together, although sitosterol is 

usually most abundant (Bergmann, 1953; Nes & McKean, 1977). Stigmasterol, which is 

unsuitable for grasshoppers, can sometimes be present to upwards of 40% of the total 

sterol profile (Willuhn & Kostens, 1974; Jewers el al., 1976). Where A'^-sterols are 

dominant, A'^'22-sterols are also usually present (Nes & McKean, 1977; Salt etal., 1991). 

It is possible, but still unproved, that dietary sterols can be limiting nutrients for 

grasshoppers (Bemays, 1992). For generalist grasshoppers, such as those used in the 

current study, variation in plant sterol profile coupled with constraints on sterol metabolism 

increases the likelihood that this may be a real possibility. 

Grasshoppers use a number of different mechanisms to evaluate the nutritional 

quality of their host-plants, including contact chemoreceptors (Chapman 1982; 1995), post-

ingestive feedbacks (Lee & Bemays, 1990) and associative learning (Lee & Bemays, 1988; 
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Simpson & While, 1990; Champagne 8l Bemays, 1991). Post-ingestive feedbacks and 

associative learning have recently been implicated as the mechanisms driving learned 

aversions to unsuitable sterols in the grasshopper 5. americana (Behmer, 1997). Although 

the effect that sterol metabolic constraints have on food-plant selection of grasshoppers in 

the field has yet to be critically examined, plant sterol profile may influence the degree of 

diet mixing observed among different species. For example, T. pallidipennis is 

polyphagous but feeds predominantly on grasses (Mulkem et al., 1969; Otte & Joem, 

1977). For this species, the degree that sterol metabolic constraints impact food selection 

may be minimal since sitosterol, which is readily metabolized to cholesterol, is the 

dominant sterol found in grasses (Nes & McKean, 1977). By contrast, sterol metabolic 

constraints may greatly impact food selection behavior in the romaleines and melanoplines; 

grasshoppers in these two subfamilies lend to be extreme mixers. Diet mixing in 

grasshoppers can maximize growth rates, but it may also reduce the intake of noxious 

chemicals including unmetabolized phyiosterols. When the grasshopper S. americana was 

fed artificial diet containing a mixture of suitable and unsuitable sterols, it failed to complete 

development to the adult stage (Behmer, 1997); this occurred even when the quantity of 

suitable sterol in the diet was alone sufficient enough to allow complete development. For 

grasshoppers, the degree of diet mixing in the field has multiple determinants, but results 

from this paper, which demonstrate a widespread constraint on phytosterol metabolism, 

lead us to suggest that variation in plant sterol profiles may be a contributing factor that has 

been underestimated. 



Table I. Results from Survival Analysis using the Lifereg Procedure. Multiple comparisons were made among the different 

treatments using aTukey-type lest. Different letters indicate significant differences among the treatments. 

Acrididae 

Qedipodinae Romaleinae Melanoplinae 

T. paUidipennis R.gutatta T. eques li. humphresyi M.differenliolis 

(A) Lifereg Procedure 

df 5 5 5 5 5 
Chi Square 196.97 1023.75 108.49 209.91 94.87 
P-value P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 

(B) Multiple Comparison 

Cholesterol a a a a a 
Sitosterol a a a a b 
Lathosterol b b b c c 
Spinach Sterols b b be b d 
Stigmasterol b b cd b d 
Trace Sterol c c d d d 

u> 
UJ 



Table 2. Results from Kruskal-Wallis tests measuring days between molts for first and second stadium grasshoppers reared on 

diets containing different dietary sterols. Data are expressed as medians (±MAD). Different letters in columns indicate 

significant differences among the treatments. 

Oedipodinae 

T.pallidipetmis 

Ronvileinae 

R.gutalta T. eques 

Melanoplinac 

B. humphresyi M. differenlialis 

(A) First Stadium 

df 5 5 5 5 5 
P-value P<0.001 r<o.ooi P<0.001 r<0.05 ns 

Cholesterol 8.0(1.0) a 8.0 (0.0) a 7.0(0.0) a 7.0(1.0) a 6.0(1.0) a 
Sitosterol 10.0(2.0) b 8.0(1.0) a 7.0(0.0) a 8.5(1.5) ab 6.0(1.0) a 
Lathosterol 10.0(1.0) b 9.5 (0.5) b 7.0(1.0) a 9.0(1.0) b 6,0(0.5) a 
Spinach Sterols 10.0(1.0) b 9.0(1.0) b 9.0(1.0) b 9.0(1.0) b 6,0(0,0) a 
Stigmasterol 10.0(1.0) b 9.0 (0.0) b 7,0(0.0) a 9.0(2.0) ab 6,0(0,0) a 
Trace Sterols 10.0(1.0) b - 7.5(0.5) ab 10.0(1.0) b 6.0(0.0) a 

(H) Second Stadium^ 

df 4 I 3 3 3 
/'-value /'<0.001 ns /'<0.001 /kO.OOl /'<0.05 

Cholesterol 8.0(0.0) a 9.5 (1.5) a 8.0(1.0) a 7.0(0.0) a 7.0(1.0) a 
Sitosterol 11.0(2.0) b 9.0 (1.0) a 8.0(1.0) a 8.0(0.0) b 7.0(0.0) a 
Lathosterol 18.0(2.5) c - 12.5(1.0) b - 11.0(1.5) b 
Spinach Sterols 19.0(7.0) be - 14.0(2.0) b 9.0(1.0) b 13.0(3.0) b 
SUgmasteroi 14.5(1.5) be - - 15.0(3.0) c -

Trace Sterols - - - - -

ns = not signiricanlly different 

t = for R. gutam, the statislical comparison among the two Ucatmcnls was made using the Mann-NVhilncy I) le.sl 



Table 3. Results from Kruskal-Wallis tests measuring growth rate (mg wet mass/day) for first and second stadium grasshop|)ers 

reared on diets containing different dietary sterols. Data are expressed as medians (±MAD). Different letters in columns indicate 

significant differences among the treatments. 

(A) First Stadium 

df 
/^-value 

Cholesterol 
Sitosterol 
Lathosterol 
Spinach Sterols 
Stigmasterol 
Trace Sterols 

(B) Second Stadium^ 

df 
P-valuc 

Cholesterol 
Sitosterol 
Lathosterol 
Spinach Sterols 
Stigmasterol 
Trace Sterols 

Romaleinae 

R.guiatla T. eques 

Melanoplinae 

B. humphresyi M. dijferetuialis 

Oedipodinae 

T.pallidipennis 

5 
ns 

0.54(0.17) a 
0.51 (0.13) a 
0.40(0.11) a 
0.54(0.17) a 
0.43(0.08) a 
0.41 (0.10) a 

4 
/'<0.001 

5.80(0.84) a 
6.44(0.62) a 
4.65(0.96) b 
4.08(0.81) b 
4.27(0.99) b 

5 
P<().001 

5.62(1.22) a 
5.42(0.66) a 
4.21 (1.12) b 
2.46(0,56) c 
5.44(0.88) a 
3.40(0.42) b 

4 
ns 

0.74(0.14) a 
0.46(0.19) a 
0.53 (0,24) a 
0.38(0,17) a 
0,64(0.32) a 
0.41 (0.06) a 

5 
ns 

0.77(0.12) a 
0.85(0.15) a 
0.80(0.07) a 
0.77(0.12) a 
0.78(0.11) a 
0.72(0.16) a 

4 
P<0.001 

1.39(0.20) a 
1.13(0.21) a 
0,71 (0.09) b 
0.47(0.07) b 
0.59(0.30) b 

1 
ns 

12.15(2.12) a 
12.64(1.54) a 

3 
P<0.001 

11.02(1.64) a 
11.% (1.46) a 
4.70(2,79) b 
4.09(0,57) b 

3 
P<0.0()1 

2,03(0.19) a 
1.77(0.23) a 

1.70(0.34) a 
1.01 (0.23) b 

3 
/'<0.06 

1.09(0.19) a 
1.04(0.13) a 
0.86(0.28) a 
0.41 (0,09) a 

ns = noi significantly different 
t = for R. gutatta, the statistical comparison among the two treatments was made using the Mann-Wliilney U lest 



Table 4. Results from Kruskal-Wallis tests measuring the rate of frass prtxluction (mg/day) for first and second stadium 

grasshoppers reared on diets containing different dietary sterols. l>ata are expressed as medians (±M AD). Different letters in 

columns indicate significant differences among the treatments. 

(A) First Stadium 

df 
P-value 

Cholesterol 
Sitosterol 
I>athostcrol 
Spinach Sterols 
SUgmasterol 
Trace Sterols 

(B) Second Stadium 

df 
f-valuc 

Cholesterol 
Sitosterol 
I^thosterol 
Spinach Sterols 
Stigmasterol 
Trace Sterols 

Romaleinae 

R.gutatta T.eques 

Melanopliivie 

B. humphresyi M.differeniialis 

Qedipodinae 

T.pallidipentUs 

5 
f<0.001 

0.21 (0.06) b 
0.27 (0.05) ab 
0.18(0.06) b 
0.35(0.06) a 
0.21 (0.04) b 
0.20(0.09) b 

5 
/'<0.001 

7.84(0.69) a 
7.57(1.19) a 
6.27(0.85) b 
6.38(0.63) b 
6.14(1.04) b 
3.00(0.20) c 

5 
^<0.001 

7.07(1.18) a 
6.38(0.64) a 
5.31 (0.61) b 
5.17(0.54) b 
6.37(0.63) a 
3.69(0.54) c 

5 
/M).001 

0.73(0.15) b 
0.63 (0.14) b 
0.67(0.12) b 
1.12(0.15) a 
0.74(0.14) b 
0.41 (0.09) c 

5 
ns 

0.87(0.25) a 
0.75(0.09) a 
0.76(0,08) a 
0.75(0.09) a 
0.78(0.12) a 
0.97(0.08) a 

5 
^<0.001 

0.66(0.11) a 
0.48(0.16) a 
0.18(0.07) c 
0.31 (0.11) b 
0.10(0.03) c 
0.06(0.05) e 

4 
/'<0,001 

6.17(0.56) a 
6.57(0.68) a 
2.93(1.09) b 
5.04(1.36) a 
1.76(0.40) c 

5 
P<0.()01 

4.93(0,58) a 
5.30(0.62) a 
3,65(0,74) b 
2.90(0,52) be 
2,00(0,31) c 
0.25(0.25) d 

5 
/^<0.001 

l.%(0.21) a 
1.51 (0.21) b 
0.70(0,13) d 
2,63 (0,65) a 
1,03(0,13) c 
0,57(0,07) d 

3 
ns 

2,53(0,37) a 
2,32 (0.33) a 
2.67(0,27) a 
3,76(0,22) a 

ns = not signiricantly different 
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Figure Legends 

Figure 1. Sterol structures of interest. Cholesterol, with a double bond at position 5 (A^), 

is the dominant tissue sterol found in insects. Lathosterol is a cholesterol analog with a 

configuration. The other four sterols are found in plants. The arrows indicate structural 

differences from cholesterol. 

Figure 2. Survival curves for grasshoppers reared on artificial diets containing different 

dietary sterols. Points on the graphs indicate the percent of the total individuals on a given 

treatment that were alive at the beginning of a particular stadium. 
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CHAPTER III 

THE SIGNIHCANCE OF STEROL METABOUC CONSTRAINTS 

IN A GENERALIST GRASSHOPPER 

Introduction 

Grasshoppers, like all other arthropods, are unable to biosynthesize sterols and must 

acquire these essential nutrients from their food (Clayton, 1964; Svoboda & Thompson, 

1985). Cholesterol is the common tissue sterol in grasshoppers, but since plants have little 

or no cholesterol (Nes & McKean, 1977; Salt eiai, 1991; but see Garg etal., 1987), 

grasshoppers must metabolize plant sterols to cholesterol (Svoboda et al., 1994). 

Physiological constraints, however, can limit which phytosterols are metabolized to 

cholesterol. Among the acridids, constraints on sterol metabolism appear to be a shared 

characteristic; eight species, representing four different subfamilies, have now been studied 

and none is capable of completing development on diets that contain sterols with a double 

bond at position 7 (A*^) and/or at position 22 (A^^) (Dadd, 1960; Behmer, 1998). 

Biochemical studies indicate that grasshoppers cannot isomerize A^-sterols to A^-sierols 

and that a double bond at position 22 prevents dealkylation of any alkyl group at C-24 

(Charlete/a/., 1988; Behmer, 1998). 

Grasshoppers as a group tend to be generalists at the individual level, often feeding 

on plants from many different families (Joem, 1979; 1985; Bemays and Chapman, 1994). 

Different plants, however, contain different sterols, many of which grasshoppers cannot 

metabolize to cholesterol. Hundreds of plants have been analyzed for sterols and some 

prevailing patterns are beginning to emerge. First, there are two general variations in 

phytosterol structure (Figure 1): (1) in the sterol nucleus, the presence of a double bond at 

position 5 or position 7, and (2) on the side chain, the addition of a methyl or ethyl group at 
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C-24 and/or the presence or absence of a double bond at position 22. Second, plant 

species in a given family and especially a given genus often have very similar sterol profiles 

(Patterson, 1994). For example, the Poaceae and Asteraceae have almost exclusively A^-

sterols while the Cucurbitaceae and Theaceae have almost exclusively A'^-sterols 

(Bergmann, 1953). In the order Caryophyllales, seven of the twelve families possess 

major and sometimes dominant quantities of A'^-sterols; the other five families possess 

dominant quantities of A^-sterols (Salt etal., 1991). Lastly, most plants contain a mixture 

of different sterols. Where A-^-sterols are present, sitosterol (A^), campjesterol (A^) and 

stigmasterol (A^'22) often co-occur together, although sitosterol is usually most abundant 

(Bergmann, 1953; Nes & McKean, 1977). Stigmasterol is, however, sometimes present 

to upwards of 40% of the total sterol profile (Willuhn & Kostens, 1974; Jewers eial., 

1976). Where A'^-sterols are dominant, A'^>22-sterols are also usually present (Nes & 

McKean, 1977; Salt era/., 1991). 

In all eukaryotic organisms, sterols play a major role in two important physiological 

processes: (1) they are used as structural components in cell membranes, and (2) they 

serve as precursors for steroid hormones. For the latter process, specific sterols are 

sometimes required. In grasshoppers, as well as many other insects, cholesterol is a 

required precursor in the pathway to the production of the molting hormone 20-OH 

ecdysone (Grieneisen, 1994). Whether grasshoppers have an equally specific requirement 

for cholesterol in cell membranes, though, is not known. Studies with other insects 

suggest that when cholesterol is in limited supply, different sterols can be substituted into 

membranes to meet the minimum sterol requirement without any apparent negative effects 

on development or survival. This mechanism has been termed 'sparing' (Clayton, 1964). 

In the house fly, Miisca domestica, this sparing mechanism appears to be quite dramatic; 

the 'essential' cholesterol requirement was found to be only 0.5% of its total sterol 

requirement (Robbins, 1963). Sparing mechanisms have also been shown in the hide 
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beetle, Dermestes vulpinus (Clark & Bloch, 1959b) and the fruit fly, Drosophila 

tnelanogaster (Kircher & Gray, 1978). 

It has generally been assumed that phytophagous insects that have cholesterol as the 

dominant tissue sterol can spare it when it is in limited supply (Svoboda & Thompson, 

1985). In this paper, we report a detailed analysis of growth and survival of the generalist 

grasshopper Scfiisiocerca americam (Drury) when it is reared on diets containing: (1) 

different quantities of sitosterol (a suitable sterol), and (2) mixtures of sitosterol and 

spinach sterols (the latter are all unsuitable). Results from the first experiment indicate that, 

above a minimum threshold, performance and survival are not enhanced as quantities of 

suitable sterol increase. Results from the second experiment show that sparing 

mechanisms are only of temporary- value in grasshoppers. Furthermore, results from the 

second experiment indicate that unsuitable sterols can prevent development even when 

sufficient amounts of suitable sterols are available. 

Methods 

Experimental Insect: The grasshopper S. americana (Drury) is polyphagous and occurs 

throughout the south and eastern United States and Mexico (Harvey, 1981). It is recorded 

as feeding on a wide range of cultivated and naturally occurring plant species (Kuiten and 

Connin, 1952). Insects used in the following experiments were taken from a laboratory 

colony reared on a diet of Romaine lettuce, 7 to 10-day-old seedling wheat and wheat bran. 

The colony was maintained under standard laboratory conditions with photophase LD 

16:8h and radiant heat LD 24-35; 19-22°C. The radiant heat was supplied by a 150 Watt 

incandescent bulb during photophase and allowed the grasshoppers to self-regulate their 

body temperature. 
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The Sterols: The sterols used in this study are shown in figure 1. Sitosterol is the most 

common sterol in plants (Nes & McKean, 1977) and differs from cholesterol, the dominant 

animal sterol, only by the presence of an ethyl group at C24. Sitosterol, which was 

purchased from Sigma Chemical (St. Louis, MO), was derived from soybean and was a 

mixture of 60% sitosterol, 27% campesterol and (A^) and 13% dihydrobrassicasterol (A^); 

all of these are suitable sterols for the closely related species S. gregaria (Dadd, 1960). We 

refer to the sitosterol mixture throughout the rest of the paper as 'soybean sitosterol'. 

Spinasterol (A'^'22) and dihydrospinasterol (A*^) have a methyl group at C24 and are the 

dominant sterols found in spinach; they typically occur in a 2:1 ratio (Salt etal., 1991). 

These two sterols, which we collectively refer to as the spinach sterols, were isolated from 

spinach, Spinacia oleracea, using standard lipid extraction techniques and thin layer 

chromatography; the amount collected was quantified using HPLC (Heupel, 1989). 

The Diet: Grasshoppers were reared on an artificial diet similar to the one used by Simpson 

etal. (1988). All diets contained a 14% protein (a 3:1:1 mixture of low fat, vitamin-free 

casein, bacteriological peptone and egg albumen); 14% digestible carbohydrate (a 1:1 

mixture of sucrose and white dextrin); ~68.0% cellulose; 2.4% Wesson's salts; 0.5% 

linoleic acid; 0.3% ascorbic acid; 0.2% vitamin cocktail (Dadd, 1961). The type and 

amount of sterol added to the diet varied depending on the treatment (see experimental 

protocols below). 

Quantitative Effects of Sitosterol (Experiment 1): For this experiment, grasshoppers were 

raised under standard culture conditions until they molted to the fourth stadium. Upon 

molting to the fourth stadium, nymphs were weighed and transferred individually to 

cylindrical plexiglass cages (15 cm diameter X 40 cm high) with a wire mesh top; a Petri 

dish 17 cm wide was used as the bottom. Fifteen nymphs were started on each of four 
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diets containing different concentrations of 'soybean sitosterol'. The concentrations, as a 

% dry weight were: (1) 0.025%, (2) 0.05%, (3) 0.1%, and (4) 0.2%. These 

concentrations were selected based on work previously done by Dadd (I960) and are meant 

to determine the sterol requirement of S. americana. The diet was placed in a small 5 cm 

Petri dish and presented to the grasshoppers dry (a mixture of powder and clumps). Each 

cage also contained a capped plastic vial of water, with a moist cotton wick extended out of 

the cap, for drinking. Finally, a wire mesh strip, approximately 25 cm long and 2 cm 

wide, was placed in each cage to facilitate molting. The grasshoppers were reared in a 

Percival incubator at 35®C day/28°C night with a photophase of L:D 16:8 and monitored 

daily to record the stadium duration. At each molt, grasshoppers were weighed and the old 

food was replaced; the water vials were refilled as necessary. Experiments ran until all the 

grasshoppers had died or molted to the adult stage. To ensure that grasshoppers had 

property established in the adult stage they were monitored for one additional day after this 

final molt. 

Mixture Effects (Experiment 2): For this second experiment, eggs were collected from 

culture reared females and incubated at 35°C until they hatched. Upon hatching, nymphs 

were weighed and transferred individually to 30 ml plastic cups (Solo Cup Company 

(Urbana, IL)) that contained ventilation holes on both the sides and lids. Approximately 

twenty nymphs were started on each of the six different sterol treatments (Table 1). These 

included: (1) a 0.05% 'soybean sitosterol' diet (high sitosterol), (2) a 0.025% 'soybean 

sitosterol' diet (low sitosterol), (3) a 0.05% spinach sterol diet (spinach sterols), (4) a 

mixture of 0.05% 'soybean sitosterol' and 0.05% spinach sterol to give a total sterol pool 

of 0.1% (high mixture), (5) a mixture of 0.025% 'soybean sitosterol' and 0.025% spinach 

sterol to give a total sterol pool of 0.05% (low mixture), and (6) a diet containing only trace 

sterol levels (the albumen (16.6 cholesterol/g) and casein (1.3 ]x% cholesterol/g) were 
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the source of the sterol contamination, but it was ver\' minor ~ 0.0018% dry weight). For 

this experiment, the artificial diet was suspended in a 1% agar solution in a 1:4 dry 

ingredients:water ratio and presented to grasshoppers as small cubes; the diet was replaced 

daily. As in experiment 1, grasshoppers were reared in a Percival incubator at 35°C 

day/28°C night with a photophase of L:D 16:8 and monitored daily to record the stadium 

duration; the weight of the grasshopper was recorded at each molt. When grasshoppers 

reached the fourth stadium, they were transferred to 180 ml plastic cups (Southwest 

Glassware (Tucson, AZ)) that had ventilation holes on both the sides and lids. A small 

strip of wire mesh, which provided a perch to facilitate molting, was affixed to the 

underside of each lid. Experiments ran until all the grasshoppers had died or were one day 

into the adult stage. 

Statistical Analysis: For both experiments, survival among the different treatments was 

compared using the nonparametric Lifereg Procedure (SAS). When significant differences 

among treatments were identified, a Tukey-type multiple comparison was employed (Fox, 

1993). Performance on the different sterol treatments, which included developmental time 

and weight gain was compared using the nonparametric Kruskal-Wallis test. When 

significant differences were detected, a Tukey-type comparison on medians was performed 

(Zar, 1996). In the mixture experiment, a Mann-Whitney U test was used to analyze 

performance of grasshoppers in the last stadium since there were only two treatments on 

which grasshoppjers completed development. 

Results 

Quantitative Effects of Sitosterol (Experiment 1): Results from the first experiment indicate 

the minimum quantitative need for sterols in S. americana is approximately 0.05% dr>' 

weight (Table 2a; Figure 2a). When the concentration of 'soybean sitosterol' was 0.025%, 
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survival was below 50% by the beginning of the sixth stadium. Survival on this diet was 

significantly lower than on diets with 'soybean sitosterol' concentrations of 0.05% or 

more. In all cases other than 0.025% survival was greater than 85% by the beginning of 

the adult stage. 

The concentration of 'soybean sitosterol' in the diet also affected developmental 

time and weight gain. The cumulative amount of time required to reach the sixth stadium 

and adulthood was significantly longer on the 0.025% 'soybean sitosterol' diet than on the 

other diets (Table 3a; Figure 2b); there was, however, no difference in the cumulative 

developmental time to any stadium among the diets with concentrations of at least 0.05%. 

During the fourth stadium, grasshoppers on diets with at least 0.05% 'soybean sitosterol' 

gained significantly more weight than grasshoppers on the 0.025% diets; no difference in 

weight gain was detected during this stadium among the diets with concentrations of at least 

0.05%. In the fifth and sixth stadia there was no difference in weight gain among insects 

that survived on any of the different diets. 

Mixture Effects (Experiment 2): Significant differences in survival were detected among 

the different sterol treatments. Overall, survival on the high sitosterol diet was best 

compared to all the other diets (Table 4; Figure 3); it was 100% at the start of the fifth 

stadium and 85% at the start of the adult stage. Survival on the high and low mixture diets 

did not differ significantly from each other despite a difference in the concentration of 

suitable sterols present; the low mixture treatment was, however, the only diet besides the 

high sitosterol diet to produce adult grasshoppers. Survival on both of these diets was 

significantly better than on the spinach sterol, low sitosterol or trace sterol diet. On the 

spinach sterol diet, which contained only unsuitable sterols, survival was significantly 

better than on the low sitosterol or trace sterol diet. Finally, sur\'ival on the low sitosterol 

diet was slightly, but significantly better than on the trace sterol diet. 
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Results from the second experiment indicate that sterol profile also significantly 

influenced development and growth. The cumulative number of days to each stadium, was 

significantly less through each of the first three stadia on the high mixture diet compared to 

the low mixture and spinach sterol diets (total sterol pools of 0.1%, 0.05% and 0.05%, 

respectively) (Table 5; Figure 4). Developmental time on the high sitosterol diet (total 

sterol pool of 0.05%) was intermediate among these diets through each of the first three 

stadia; it was not significantly longer than the high mixture diet nor was it significantly 

shorter than either the low mixture or spinach sterol diets. Cumulative developmental time 

through the fourth stadium on the high mixture diet was shorter than on the high sitosterol, 

low mixture or spinach sterol diet. The difference in cumulative developmental time 

through the fifth stadium was, however, only significant between the high mixture and 

spinach sterol diets. Finally, the difference in cumulative developmental time through the 

sixth (and final) stadium on the high sitosterol and low mixture diets, which were the only 

treatments that produced adults, was not significant. Interestingly, sterol profile did not 

significantly affect grasshoppjer weight until the final stadium; in this stadium, the median 

weight of grasshoppers on the high sitosterol diet was significantly greater than on the low 

mixture diet. 

Discussion 

In the first experiment, survival and performance of the generalist grasshopper S. 

canericam was higher when dietary sterols were at a concentration of 0.05% dry weight 

(dw) or more. Similar results have also been reported for the generalist grasshopper S. 

gregaria (Forsk.) and the oligophagous grasshopper L. migratoria L. (Dadd, 1960). 

Among plants, leaf sterol concentrations range from 0.01% to approximately 0.3% dw, 

with occasional values of 1% in meristematic tissue (Nes, 1977). Some plant species may, 

therefore, be nutritionally suboptimal for grasshoppers with respect to sterols. 
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Interestingly, grasshopper performance and survival was not enhanced as the concentration 

of sterol in the diet increased above 0.05% dw although further work is required to 

examine effects on fecundity. The bulk of dietary sterols in insects are allocated for 

structural purposes and presumably when this has been met there is no further benefit to 

ingesting larger quantities. Although not observed in this study, it is worth noting that 

dietary sterols at very high concentrations can sometimes be deleterious in grasshoppers; 

when L. migratoria was reared on diets with cholesterol concentrations of 1.4% from 

hatch, mortality exceeded 90% after only 24 days (Dadd, 1960). 

The importance of obtaining a certain minimum threshold of dietar\' sterol was also 

demonstrated in the second experiment. Grasshoppers reared on diets with total sterol 

pools of at least 0.05% dry weight, regardless of whether or not they can be metabolized to 

cholesterol, lived longer than grasshoppers reared on diets with total sterol pools of less 

than 0.05%. It was particularly interesting that grasshoppers on the spinach sterol diet (A*^ 

and/or A22-sterols that cannot be metabolized to cholesterol), lived longer than those on the 

low 'soybean sitosterol' diet. The failure to survive to the adult stage on the spinach sterol 

diet, however, is consistent with what has been shown in a number of other grasshoppers 

(Dadd, I960; Behmer, 1998). That greater than 60% of the individuals on this treatment 

survived through the third stadium and almost 40% survived through the fifth stadium, 

though, suggests that some type of temporary sparing mechanism may have been 

operating. Since metabolic constraints in grasshoppers prevent the metabolism of A"^ 

and/or A22-sterols to cholesterol, cholesterol contamination from the albumen and peptone 

could have provided some of the 'essential' cholesterol required as a precursor at least in 

the pathway to production of the insect molting hormone 20-OH ecdysone; this 

contamination was, on a dry weight basis, equivalent to 4% of the minimum total sterol 

requirement. It is also possible that cholesterol allocated maternally to grasshopper 



49 

embryos may have still been present and provided some of the 'essential' cholesterol 

required to produce molting hormone (Hoffman & Lagueux, 1985; Behmer, 1998). 

It has been assumed that most phytophagous insects can employ a sterol sparing 

mechanisms that will allow development to the adults stage when 'essential' sterols are 

limiting (Svoboda & Thompson, 1985). Results from the low mixture diet in this study 

suggest that this is generally not the case for grasshoppers. Most of the individual 

grasshoppers failed to complete development to the adult stage despite the fact that: (1) the 

total sterol pool was equal to that of the high sitosterol diet, and (2) half of this sterol pool 

was a suitable sterol. There was, however, a significant amount of variation among 

individuals in their ability to tolerate and/or A^^-sterols. First, three of the twenty 

grasshoppers started on the low mixture diet completed development to the adult stage. 

Second, the performance of grasshoppers that did survive through the various stadia, as 

measured by the cumulative developmental time and weight gain, was never significantly 

different from the high sitosterol u^eatment. 

The absolute failure of grasshoppers reared on the high mixture diet to complete 

development to the adult stage was perhaps the most intriguing outcome from the second 

exjjeriment, especially since these diets had concentrations of 'soybean sitosterol' that alone 

was sufficient to allow good survival and development. This result, when combined with 

the those on the spinach sterol diet and low mixture diet, strongly suggests that the 

unsuitable sterols used in these experiments were not just poor or unusable but were 

positively noxious. Interestingly, there was no statistical difference in survival between the 

high and low mixture diets, but grasshoppers on the high mixture diet did develop faster. 

It is difficult to know, however, whether this is a function of higher concentrations of 

suitable sterols or total sterols. The lack of a significant difference in developmental time 

on the high sitosterol and low mixture diets might imply that a higher concentration of total 

sterol in the diet is responsible for this result 
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In contrast to the results with 'soybean sitosterol' and low mixture diets, mortality 

in the first stadium was high on diets with spinach sterol concentrations of at least 0.05%; 

deaths typically occurred within the first two days. Over the next two stadia, however, 

survival remained constant The early mortality may have been a result of the grasshoppers 

refusing to eat these diets. Previous studies have shown that the grasshopper 5. americam 

develops aversions to foods containing sterols that are unsuitable for normal growth and 

development (Lee & Bemays, 1988; Champagne & Bernays, 1991; Behmer, 1998). In 

these experiments, rejections were particular strong in response to foods containing sterols 

with a A22-configuration and occurred at concentrations of only 0.2% dry weight. That 

many individuals in the current study did feed on the diets with high concentrations of 

spinach sterols is not surprising considering they were dependent on these diets for all their 

nutrients, including water. When grasshoppers have no other food options, an initial 

aversion based on the sterol profile of the diet will often be overridden by general hunger 

(Simpson & Ludlow, 1986). 

Several studies with grasshoppers, as well as other insects, indicate that constraints 

on sterol metabolism do not prevent the absorption of unsuitable sterols across the midgut 

(Ritter, 1984; Svoboda & Thompson, 1985; Behmer, 1998). It is therefore likely that A'^-

and/or A^^-sterols are negatively impacting grasshoppers at the cellular and/or hormonal 

level. First, if unsuitable sterols are incorporated into a cell's membrane, it's structural 

integrity may be compromised, causing it to become 'leaky' (Stein, 1981). For example, 

any C-24 alkyl group on the cholestane side chain can prevent phospholipids from packing 

tightly around sterol molecules. This may result in a reduced ability to regulate the 

movement of impxjrtant ions and molecules across the cell membrane. In mammalian 

systems, changes in the cholesterol content of the membrane are known to affect the 

activities of many membrane-bound enzymes and cell functions, including: the (Na+ + 

K+)-ATPase (Kimelberg, 1975), adenylate cyclase (Whetton et ai, 1983), endocytosis 



51 

(Heiniger era/., 1976), receptor binding (Heron etal., 1980), transport processes (Chen et 

d., 1978; Saito & Silbert, 1979; Grunze etal., 1980) and thermal sensitivity (Cress & 

Gemer, 1980). If arthropods are similarly affected by changes in a cell's cholesterol 

content, detrimental effects on development may be expected. Second, unsuitable 

phytosterols may interfere with the production of the insect molting hormone, 20-OH 

ecdysone (Katz ei al., 1971). Insects must generate a particular level of 20-OH ecdysone 

to molt (Rees, 1985) and a failure to exceed this threshold may extend development or, 

more likely, prevent it from occurring at all. 

Grasshoppers are highly mobile relative to other phytophagous insects and diet 

mixing by individuals appears to be a common phenomenon (reviewed by Strong el al., 

1984; Bemays and Chapman, 1994). In grasshoppers, generally, diet mixing also leads to 

enhanced growth rate (e.g. Kaufmann, 1965; MacFarlane & Thorsteinson, 1980). In both 

mammals (Freeland & Janzen, 1974) and birds (Guglielmo et al., 1996) an additional 

benefit of diet mixing has been proposed; it may be an effective tactic to dilute potentially 

noxious plant chemicals. Perhaps grasshoppers use diet mixing as a way to limit the intake 

of unsuitable sterols. Among different plant species grasshoppers may encounter in the 

Held, concentrations of unsuitable sterols range from being only a minor to sometimes 

dominant proportion of the total sterol profile (Bergmann 1953; Salt etal., 1991). In the 

current study, however, even low concentrations of unsuitable sterols had severe negative 

effects in grasshoppers. Food-plant selection of grasshoppers in the field as it relates to 

plant sterol profile has yet to be critically examined, but behavioral studies in the lab 

indicate that learned aversions to plants with unsuitable sterols can develop quite rapidly 

(Champagne & Bemays, 1991; Behmer, 1998). Although plant primary compounds have 

often been viewed as relatively unimportant factors influencing food-selection in 

phytophagous insects (reviewed by Berenbaum, 1996), a plant's sterol profile may play an 

important role in determining patterns of host plant affiliations in grasshoppers, especially 
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considering the widespread nature of sterol metabolic constraints in grasshoppers and their 

inability to tolerate even low concentrations of unsuitable sterols. 
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Table 1. Sterol treatments used in the second experiment. The mixed sterol treatments 

tested for. (1) a sparing mechanism (the low mixture), and (2) competitive interactions 

between suitable and unsuitable sterols (the high mixture). The single sterol treatments 

were the controls. 

Sterol Composition and Amounts 

Treatment 'Soybean Sitosterol' Spinach Sterols Total Sterol 
(mg/g) (mg/g) (mg/g) 

Single Sterol Treatments 

High Sitosterol 0.50 - 0.518 

Low Sitosterol 0.25 - 0.268 

Spinach Sterol - 0.50 0.518 

Trace Sterol* - - 0.018 

Mixed Sterol Treatments 

Low Mixture 0.25 0.25 0.518 

High Mixture 0.50 0.50 1.018 

i - trace levels of cholesterol were identified in both the albumen and peptone 
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Table 2. Results from Survival Analysis using the Lifereg Procedure (SAS). 

Grasshoppers were reared from the start of the fourth stadium on artificial diets containing 

different concentrations of 'soybean sitosterol'. Multiple comparisons among the different 

treatments were made using a one-tailed Tukey-type test. 

(A) Lifereg Procedure 

^ Chi Square P-value 

3 167.43 P<0.001 

(B) Multiple Comparisons 

0.25 mg/g 0.50 mg/g 1.00 mg/g 2.00 mg/g 

0.25 mg/g - F<0.05 P<0.05 P<0.05 
0.50 mg/g - ns ns 
1.00 mg/g - ns 
2.00 mg/g 

ns = not significanUy different 
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Table 3. Results from Kruskal-Wallis tests measuring cumulative developmental time 

(days) and cumulative weight gain (mg wet mass) for S. americatia over the last three stadia 

when reared on diets containing different concentrations of 'soybean sitosterol'. Multiple 

comparisons among the different treatments were made using a Tukey-type test for 

medians. Different letters indicate significant differences among the treatments. 

Stadium 

Fourth Fifth Si.xth 

(A) Cumulative Developmental Time (days) 

df 3 3 3 
P-value ns P<0.01 P<0.01 

Sitosterol (mg/g) 

0.25 a a a 
0.50 abb 
1.00 abb 
2.00 abb 

(B) Cumulative Weight Gain (mg) 

df 3 3 3 
P-value ^<0.05 ns ns 

Sitosterol (mg/g) 

0.25 118 (± 8) a 345 (±27) a 703 (±187) a 
0.50 147 (±11) b 378 (±36) a 769 (± 83) a 
1.00 146 (±10) b 391 (±54) a 821 (±174) a 
2.00 135 (±23) b 379 (±44) a 751 (± 97) a 

ns = not significantly different 
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Table 4. Results from Survival Analysis using the Lifereg Procedure (SAS). 

Grasshoppers were reared from the start of the first stadium on artificial diets containing 

different concentrations/combinations of 'soybean sitosterol' and spinach sterols. Multiple 

comparisons among the different treatments were made using a Tukey-type test. Where a 

priori predictions about the direction of the response were made, one-tailed tests were 

employed. 

(A) Lifereg Procedure 

df Chi Square 

125.37 

P-value 

5 ^<0.001 

(B) Multiple Comparisons 

High High Low Spinach Low Trace 
Mixture Sitosterol Mixture Sterols Sitosterol Sterol 

High Mixmrei 
High Sitosterol 
Low Mixture^ 
Spinach Sterol 
Low Sitosterol 
Trace Sterol 

P<0.001 
P<0.001 

ns P<0.05 PKO.OOI P<0.001 
P<0.001 P<0.001 P<0.001 
P<0.05 P<0.001 P<0.001 

P<0.001 P<0.001 
P<0.001 

ns = not significanUy different 
1 - contained 0.5 mg/g 'soybean sitosterol' and 0.5 mg/g spinach sterols 
2 - contained 0.25 mg/g 'soybean sitosterol' and 0.25 mg/g spinach sterols 
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Table 5. Results from Kruskal-Waliis tests measuring cumulative developmental time 

(days) and cumulative weight gain (mg wet mass) for S. americam through the first five 

stadia when reared on diets with different concentrations/combinations of 'soybean 

sitosterol' and spinach sterols. Multiple comparisons among the different treatments were 

made using aTukey-type test for medians. For the sixth stadium, the data were anah'zed 

using the Mann-Whitney U test. Different letters indicate significant differences among the 

treatments. 

Stadium 

First Second Third Fourth Fifth Sixth 

(A) Cumulative Developmental Time (days) 

df 4 3 3 3 3 1 
P-value /'<0.001 P<0.001 P<0.001 P<0.001 P<0.01 ns 

Treatments 

High Mixture 
High Sitosterol 
Low Mixture 
Spinach Sterols 
Low Sitosterol 

a a 
a ab 

ab b 
ab b 
b 

a a 
ab b 
b be 
b c 

a 
ab a 
ab a 
b 

(B) Cumulative Weight Gain (mg) 

df 5 4 3 3 3 1 
P-value ns ns ns ns ns P<0.05 

Treatments 

High Mixture 11 (±1) 38 (±3) 91 (± 6) 189 (±11) 391 (±43) 
High Sitosterol 11 (±1) 41 (±5) 85 (±12) 167 (±34) 365(±81) 773 (±160) a 
Low Mixture 11(±2) 39 (±4) 82 (± 7) 172 (±16) 347 (±33) 489 (± 16) b 
Spinach Sterols 11(±2) 38 (±3) 85 (±12) 193 (±12) 402(±23) 
Low Sitosterol 12 (±1) 22 (±5) 
Trace Sterol 9 (±2) 

ns = not significantly different 



58 

Figure Legend 

Figure 1. In phytosterols, double bonds often occur in the nucleus at position 5 or 7 and/or 

on the side chain at position 22. Alkyl groups, either methyl or ethyl, are common at C-24. 

Sitosterol, spinasterol and dihydrospinasterol are plant sterols used in this study. The 

arrows indicate structural differences from cholesterol. 

Figure 2. Performance of S. ainericam reared on artificial diets containing different 

concentrations of 'soybean sitosterol': (A) points on the graph indicate the percent of the 

total individuals that were still alive at the beginning of a given stadium, and (B) cumulative 

development time on the different treatments is plotted using individuals that survived 

through a given stadium are represented (data are expressed as medians). 

Figure 3. Performance of 5. americam reared on artificial diets containing different 

combinations and concentrations of 'soybean sitosterol' and spinach sterols: (A) points on 

the graph indicate the percent of the total individuals that were still alive at the beginning of 

a given stadium, and (B) cumulative development time on the different treatments is plotted 

using individuals that survived through a given stadium are represented (data are expressed 

as medians). Closed points and solid lines indicate single sterol treatments while open 

points and dashed lines indicate treatments with both suitable and unsuitable sterols. 
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CHAPTER IV 

PHYTOSTEROL METABOLISM AND ABSORPTION IN THE GENERALIST 

GRASSHOPPER Scfiistocerca americam (ORTHOPTERA: ACRIDIDAE) 

Introduction 

Insects, as well as all other arthropods, are unable to biosynthesize sterols and must acquire 

these essential nutrients from their food (Clayton, 1964; Dadd, 1985). Cholesterol is the 

common sterol found in insects and serves in at least two significant physiological 

processes: (1) it is a structural component of cell membranes, and (2) it is a required 

precursor for the insect molting hormone 20-OH ecdysone (Grieneisen, 1994). 

Cholesterol has been shown to support normal development in most carnivorous and 

herbivorous insects (Dadd, 1977), but since it is rarely found above trace concentrations in 

plants (Salt eial., 1991; Patterson, 1994; but see Garg eza/., 1987), herbivorous insects 

must either use the plant sterols present or metabolize them (Svoboda etal., 1994). 

Physiological constraints in some herbivorous insects, however, can limit which 

phytosterols will support normal development (reviewed by Bemays, 1992). Among the 

grasshoppers (Orthoptera: Acrididae) that have now been examined, which include eight 

spjecies representing four different subfamilies, development to the adult stage is always 

best on diets containing A^-steroIs (e.g., cholesterol and sitosterol); on diets containing 

and/or A^-'Sterols (e.g., stigmasterol, lathosterol or spinasterol), however, development is 

always poor (Dadd, 1960; Behmer, 1998). Interestingly, sterols with A"^ and/or A22-

configurations can prevent development in the grasshopper Schistocerca americam even 

when a sufficient amount of suitable sterol (e.g., sitosterol) is present (Behmer, 1998). 

In a recent biochemical study, radiolabeled cholesterol was recovered from the 

grasshopfier, Lociisia migratoria L., after it had been fed dietar\' 14C sitosterol (Rath etal., 
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1993). Since sitosterol supports normal development in all grasshoppers so far studied, 

their failure to develop on diets that contain and/or A22-sterols may reflect an inability to 

absorb these sterols or metabolize them to cholesterol. In the current paper we investigate 

the absorption and metabolic fate of different dietary sterols in the grasshopper S. 

americam. In our first experiment grasshoppers were fed diets containing different sterols 

that were presented alone; the absorption and metabolic fate of these dietary sterols was 

then determined by examining the tissue sterols recovered from these grasshopper. In our 

second experiment, grasshoppers were fed diets containing 'soybean sitosterol' (a suitable 

sterol mixture) combined with stigmasterol (an unsuitable sterol); tissue sterols were 

measured to determine whether unsuitable sterols affected the production of cholesterol. In 

our final experiment, tissue sterol profiles of grasshoppers with or without their alimentary 

tracts were examined to compare absorption into the midgut tissue versus absorption to the 

hemocoel. We suggest, based on the combined results from this study, that the failure of 

grasshoppers to complete development on diets with and/or A22-sterols may be 

associated with the accumulation of unmetabolized dietary sterols in the midgut tissues. 

Methods 

Experimental Insect 

S. americana (Drury) is a polyphagous grasshopper occurring throughout the south and 

eastern United States and Mexico (Harvey, I98I). It is recorded as feeding on a wide 

range of cultivated and naturally occurring plant species (Kuiteri & Connin, 1952). 

Grasshopper eggs were collected from a laboratory colony that was being reared and 

maintained under standard laboratory conditions (Behmer, 1998). The eggs were 

incubated at 35°C until hatch and newly emerging grasshoppers were individually 

transferred to rearing containers. 
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Dietary Sterols and Artificial Diet 

The sterols selected for this study represent different f)ermutations of saturation at C5, C7, 

and C22 (Figure 1). Cholesterol, a A^-sterol, is the dominant sterol found in animals, 

including insects. The remaining sterols used in this study are synthesized by and 

accumulate solely in plants; they are also sterols that grasshoppers frequently encounter in 

the field. Sitosterol, a C-24 ethyl A^-sterol, is the predominant sterol found in grasses and 

is common in many angiospierm species where it is reported to be present at high levels 

often exceeding 80% dry weight (Nes & McKean, 1977). Stigmasterol, a C-24 ethyl 

A^'22-sterol, is a common sterol that can be found at levels as high as 40% dry weight in 

members of the Solanaceae (Nes, 1977; Nes & McKean, 1977). Spinasterol, a C-24 ethyl 

^7.22.sterol, and dihydrospinasterol, a C-24 ethyl A^-sterol, are the dominant sterols in 

plants belonging to the families Chenopodiaceae and Amaranthaceae (Salt etal., 1991). 

Cholesterol, sitosterol and stigmasterol were purchased from SIGMA Chemical (St. 

Louis, MO). Spinasterol and dihydrospinasterol were isolated from spinach, Spimcia 

oleracea, using standard lipid extraction techniques and preparative thin layer 

chromatography; the amount collected was quantified using HPLC (Heupel, 1989). All 

individual sterols were examined analytically by GLC, RP-HPLC and GC-MS. 

Cholesterol and stigmasterol were shown to be at least 98% pure. Sitosterol, which was 

derived from soybean, was a mixture of 60% sitosterol, 27% campesterol and 13% 

dihydrobrassicasterol (the latter two are C-24 methyl A^-sterols); all of these sterols support 

normal growth and development in grasshoppers (Dadd, 1960). Throughout the rest of the 

paper this sterol mixture is referred to as 'soybean sitosterol'. Insufficient amounts of 

spinasterol and dihydrospinasterol were collected to test individually so they were 

combined in a 3:2 ratio, which is the observed ratio in spinach plants. This combination is 

collectively referred to as the spinach sterol throughout the rest of the paper. 
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For all the following experiments grasshoppers were reared on an artificial diet 

similar to the one used by Simpson etal. (1988). It contained the following ingredients: 

28% protein (a 3; 1; 1 mixture of low fat, vitamin-free casein, bacteriological p)eptone and 

egg albumen); 28% digestible carbohydrate (a 1:1 mixture of sucrose and white dextrin); 

39.7% cellulose; 2.4% Wesson's salts; 0.5% linoleic acid; 0.5% linolenic acid; 0.3% 

ascorbic acid; 0.1% ferulic acid; 0.2% phenylalanine; 0.2% vitamin cocktail (Dadd, 1961). 

The type and amount of sterol added to the diet varied depending on the treatment (see 

experimental protocols below). From previous analyses of individual dietary ingredients 

we knew there was sterol contamination in both the albumen (16.6 cholesterol/g) and 

casein (1.3 ii% cholesterol/g). On a dry weight basis of all ingredients, however, this 

contamination was very minor ~ 0.0018%. For all experiments, the diet was suspended in 

a 1% agar solution in a 1:4 dry ingredients: water ratio and presented to grasshoppers as 

small cubes. Grasshoppers received fresh diet daily. 

Experimental Protocols 

In the first experiment, grasshoppers were reared on diets containing different dietary 

sterols and their tissue sterols were measured. There were four treatments: (1) cholesterol 

(suitable), (2) 'soybean sitosterol' (all suitable), (3) stigmasterol (unsuitable), and (4) 

spinach sterols (all unsuitable). A sterol concentration of 0.1% was used for all treatments; 

this slightly exceeds the minimum amount of suitable sterol S. americam requires for 

development (Behmer, 1998). After individual grasshoppers had molted to the third 

stadium they were transferred for two days to a diet that was 100% sterol-free (no 

albumen, casein or sterol); this treatment cleared the lumen of the alimentary tract of all 

dietary sterols and allowed us to quantify sterols in whole animals. On the third day 

individual grasshoppers were weighed and then frozen at -20°C until the sterol extraction 
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was performed. A separate group of newly hatched grasshoppers was also frozen to 

quantify starting cholesterol amounts. 

For the second experiment, tissue sterols were measured from grasshoppers reared 

on diets containing mixtures of suitable and unsuitable sterols to determine if unsuitable 

dietary sterols could affect cholesterol production. There were four treatments: (1) a diet 

with 'soybean sitosterol' at a dry weight concentration of 0.05%, (2) a 'low mixture' diet 

with equal amounts of 'soybean sitosterol' and stigmasterol (0.025% each) for a total sterol 

concentration of 0.05%, (3) a 'high mixture' diet with equal amounts of 'soybean 

sitosterol' and stigmasterol (0.05% each) for a total sterol concentration of 0.1%, and (4) a 

diet with stigmasterol at a dry weight concentration of 0.05%. These concentrations were 

based on those used in the previous study (Behmer, 1998). Grasshoppers were reared and 

treated as previously described with the exception of those reared on the 'low mixture' 

treatment; these grasshoppers were collected during the late second stadium because high 

mortality occurred on this treatment. Cholesterol amounts reported for newly hatched 

grasshoppers from the first experiment were used as a measurement to determine how 

much of the cholesterol in the grasshoppers reared on the different mixtures could be 

maternal in origin. 

In the third and final experiment, we wanted to determine whether sterol 

composition in the whole body was indicative of sterols taken up from the midgut. 

Grasshoppers for this experiment were fed diets containing 'soybean sitosterol' or spinach 

sterols presented alone or in mixtures. There were four different treatments: (1) a diet with 

'soybean sitosterol' at a dry weight concentration of 0.05%, (2) a 'low mixture' diet with 

equal amounts of 'soybean sitosterol' and spinach sterols (0.025% each) for a total sterol 

concentration of 0.05%, (3) a 'high mixture' diet with equal amounts of a 'soybean 

sitosterol' and spinach sterols (0.05% each) for a total sterol concentration of 0.1%, and 

(4) a diet with spinach sterols at a dr>' weight concentration of 0.05%. The concentrations 
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used in this experiment were also based on those used in a previous study (Behmer, 1998). 

In contrast to the previous two experiments, grasshoppers were reared on the different 

sterol treatments until the start of the fourth stadium; they were fed the same diet for one 

day following this molt. On the second day of the fourth stadium grasshoppers had their 

alimentary tracts removed and the remaining cadaver was frozen at -20®C until the sterols 

were extracted. 

Isolation of Sterols 

Individual cadavers were homogenized in 20 ml vials using liquid nitrogen and a glass 

stirring rod; the homogenized samples were subsequently suspended in 95% methanol for 

at least 72h. After the methanol extraction, solutions were evaporated to dryness under N2, 

resuspended in 5 ml of hexane/toluene and run through preconditioned silica columns 

(Silica-Gel G, Sigma). These columns were disposable pasteur pipets that had their tips 

removed and were packed with a small amount of glass wool and approximately 1 g of 

silica. The hexane/toluene fraction containing the tissue sterols was added to the column 

and washed with 6 column volumes of hexane/toluene (1:1) followed by 12 column 

volumes of ether. The sterol reproducibly eluted with the ether fraction. The ether fraction 

was then evaporated under N2 and resuspended in approximately 4 ml of methanol until 

analysis. Because of the limited sample size, possible steryl esters contained within the 

insect were not examined. 

Identification and Quantification of Sterols 

The sterols isolated from grasshoppers were characterized and quantified by GLC, RP-

HPLC and GC-MS. Sterols were quantified by analytical RP-HPLC on a Supelco C18 

ODS column (25 cm x 4.6 mm) using acetonitrile/isopropyl alcohol (8:2, v/v; 1 ml/min) at 

45"'C and were detected using a Waters 486 variable wavelength detector. Sample injection 
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was jjerformed by a Waters 717 Autosampler and data presented on a Waters 746 data 

module. The known sterols were structurally identified through gas chromatography-mass 

spectrometry (GC-MS) using a Hewlett-Packard 5890 gas chromatograph and a Hewlett-

Packard 5970 mass spectrometer. GC separation of isolated sterols was achieved on a HP-

1 column (15 m X .3 mm) with an 0.25 mm film thickness. Oven temperature was 

programmed from 200 to 280''C at 20°C/min zmd the carrier gas was helium at a velocity of 

30 cm/s. The MS was operated at an ionizing jxjtential of 70 eV, the ion source maintained 

at 280°C and the injector port was maintained at 250°C. Structural and chromatographic 

values (retention times relative to cholesterol) agreed with authentic standards and previous 

reports for cholesterol, sitosterol, campesterol, dihydrobrassicaterol, stigmasterol, 

spinasterol and 22-dihydrospinasteroI (Armarengo el al., 1973; Salt & Adler, 1985) and 

lathosterol (Neseia/., 1977; Artaud era/., 1984). 

Statistical Analysis 

All statistical comparisons were performed using the Kruskal-Wallis test, a nonparametric 

equivalent to a one-way ANOVA (Abacus Concepts, StatView Reference. (Abacus 

Concepts, Inc., Berkeley, CA, 1996)). This test was used because replication was always 

unequal and sample sizes were sometimes small. An additional benefit of using this test is 

that it makes no assumptions about the underlying distribution of the data. When 

significant differences were detected, a Tukey-type comparison for medians was employed, 

with an a value set at 0.05, to determine which treatments differed significantly from one 

another (Zar, 1996). 
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Results 

Tissue Sterols from the Single Sterol Diets 

In the newly hatched and cholesterol fed grasshoppers, cholesterol was the only sterol 

recovered. Grasshoppers fed the 'soybean sitosterol' diet produced large quantities of 

cholesterol; the remaining sterol in these grasshoppers was identified as unmetabolized 

sitosterol and campesterol. In grasshoppers fed the stigmasterol diet, both cholesterol and 

stigmasterol were recovered. For those reared on spinach sterols, cholesterol, lathosterol, 

spinasterol and 22-dihydrospinasterol were all identified. 

Tissue Sterols from the Mixed Sterol Diets 

Four sterol peaks were identified by GLC, RP-HPLC and GC-MS when grasshoppers 

reared on diets with 'soybean sitosterol' plus stigmasterol were analyzed; these peaks 

corresponded to cholesterol, stigmasterol, campesterol and sitosterol. For the 

grasshoppers reared on the diets with 'soybean sitosterol' plus spinach sterols, four sterol 

peaks were identified by GLC and GC-MS. The first three corresponded to cholesterol, 

lathosterol and campesterol. The fourth peak was a combination of sitosterol and 

spinasterol, which could not be separated since these two sterols co-migrate under standard 

GC conditions. 

Experiment 1 • Comparisons among the Different Single Sterol Treatments 

Two-day-old third stadium grasshoppers reared on the cholesterol and 'soybean sitosterol' 

diets had a greater median mass than those fed the stigmasterol or spinach sterol diets 

(Kruskal-Wallis test (KW): df=3, H-value=26.358, ^<0.01; Table lA). They also 

exhibited differences in tissue sterol composition. Cholesterol amounts (/<g) were 

significantly higher in the cholesterol and 'soybean sitosterol' fed grasshoppers compared 

to grasshoppers fed the stigmasterol diet, the spinach sterol diet or the newly hatched 
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grasshoppers (KW: df=4, H-value=37.430, /'<0.01); cholesterol amounts among the 

newly hatched grasshoppers and those fed the stigmasterol or spinach sterols diets were 

not, however, significantly different (Figure 2A). The relative amount of cholesterol 

(/4g/mg dry body mass) was also significantly different among the treatments (KW: df=4, 

H-value=36.520, P<0.01); it was highest in the newly hatched grasshoppers and lowest in 

the stigmasterol and 'spinach sterol' fed grasshoppers (Figure 2B). 

Differences in both the total and total relative amount of sterol were observed 

among the different sterol treatments (KW: df=3, H-value=9.773, P<0.Q5, and df=4, H-

value=18.755, /'<0.01, respectively). Total sterol amount was greatest in the cholesterol 

and 'soybean sitosterol' fed grasshoppers and lowest in the stigmasterol fed grasshoppers. 

Total relative amount was highest in the newly hatched grasshoppers and lowest in the 

stigmasterol fed grasshoppers (Table 2); no significant differences were observed, 

however, between grasshoppers reared on the different treatments. Finally, there was a 

significant difference in percent cholesterol among the different treatments (KW: df=4, H-

value=65.672, P<O.Or, Table 2); it was significantly lower in the grasshoppers fed 

stigmasterol and spinach sterols compared to grasshoppers fed the other diets. 

Comparisons among Diets with Sterol Mixtures 

Experiment 2 - 'Soybean Sitosterol' plus Stigmasterol. Grasshoppers reared on 

the 'soybean sitosterol' and high mixture treatments had greater mass than those reared on 

the low mixture treatment (KW: df=2, H-value=6.269; PcO.OS; Table IB). Among the 

different treatments, a significant difference in cholesterol amount was obser\'ed (KW: 

df=4, H-value=23.961; P<0.01); it was highest in grasshoppers fed the 'soybean 

sitosterol' diet and lowest in those fed the low mixture and stigmasterol diets (Figure 3A). 

The amount measured in the low mixture and stigmasterol fed grasshoppers was, however, 

similar to that in newly hatched grasshoppers. Relative cholesterol amount was also 



71 

significantly different among the treatments (KW: df=4, H-value=29.456, /'<0.01); it was 

highest in the newly hatched grasshoppers and lowest in the stigmasterol fed grasshoppers 

(Figure 3B). For the grasshoppers reared on diets containing stigmasterol, cholesterol 

amounts were highest in individuals on the 'high mixture' but not significantly greater than 

amounts measured in the 'low mixture' or stigmaslerol treatments. With regard to sterols 

thai have an ethyl group at C-24 on the side chain (C-24 ethyl-sterols), significantly more 

of these sterols were recovered in grasshoppers fed diets with stigmaslerol compared to 

those fed diets with 'soybean sitosterol' (KW: df=3, H-value=17.141, P<0.01; Figure 

3A). The relative amount of C-24 ethyl-sterols also varied significantly among treatments 

(KW: df=3, H-value=27.075, f<0.01); they were highest in the 'low mixture' and 

stigmasterol treatments and lowest in the 'soybean sitosterol' treatment (Figure 3B). 

When all tissue sterols were summed and compared, relative amounts, but not total 

amounts, differed significantly among treatments (KW: df=4, H-value=22.063, P<0.01, 

and df=3, H-value=6.352, P=0.096, respectively). Total relative amount was highest in 

the newly hatched grasshoppers but among the other treatments the difference was not 

significant (Table 3). Finally, cholesterol, expressed as a percent of the total tissue sterol, 

was highest in the 'soybean sitosterol' fed grasshoppers and lowest in the 'low mixture' 

and stigmasterol fed grasshoppers (KW: df=3, H-value=32.210, /'<0.01; Table 3). 

Experiment 3 - 'Soybean Sitosterol' plus Spinach Sterols. No difference in the 

percent cholesterol was observed among the different treatments of insects without midguts 

(KW: df=3, H-value=7.271, /^0.064; Figure 4), but clearly a fraction of unsuitable 

sterols were taken up into the hemocoel. A comjjarison of intact grasshoppers to those that 

had their alimentary tract removed, however, revealed an interesting difference in sterol 

composition. The tissue sterol profile from intact grasshoppers reared on the spinach sterol 

diet was approximately 50% cholesterol and 50% A'^-sterol (i.e., lathosterol, spinasterol 
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and 22-dihydrospinasterol); the sterol profile of grasshoppers reared on the same diet with 

their midguts removed, however, was approximately 83% cholesterol and 17% A^-sterol 

(i.e., lathosterol and spinasterol). 

Discussion 

Phytosterols typically contain an alkyl group at C-24 (Salt etal., 1991; Patterson, 1994) yet 

cholesterol is the dominant tissue sterol in the phytophagous insects that have been 

examined (Svoboda & Thompson, 1985). For most phytophagous insects, including 

grasshoppers, dealkylation is the accepted pathway to the production of cholesterol 

(Svoboda & Feldlaufer, 1991; Ikekawa e/a/., 1993). In the present work, this is shown 

by: (1) high quantities of cholesterol and only small quantities of campesterol and sitosterol 

from the 'soybean sitosterol' fed grasshoppers, and (2) significant quantities of lathosterol 

from the spinach sterol fed grasshoppers (lathosterol is a non-dietary sterol that is produced 

via dealkylation of the ethyl group at C-24 on the dihydrospinasterol side chain). When a 

double bond occurs at position 22 on the side chain, however, it appears that grasshoppers 

cannot cleave the C-24 alkyl group. In the current study, both stigmasterol (A^'22) and 

spinasterol (A^'22) were recovered in large quantities from grasshoppers that were fed the 

stigmasterol and spinach sterol diets, respectively. Although cholesterol was recovered 

from both the stigmasterol and spinach sterol fed grasshoppers, it is unlikely that its origin 

was dietary. The quantities measured in both the stigmasterol and spinach sterol fed 

grasshoppers were no greater than those of newly emerged grasshoppers. 

Results also indicate that no metabolism of the B ring occurred. When S. 

camricam was reared on the 'soybean sitosterol' or stigmasterol diets, all of the recovered 

tissue sterols had A^-configurations. When they were reared on the spinach sterol diet (all 

A'^-sterols), slightly more than half of the recovered tissue sterols had A'^-configurations; 

the A^-sterol (cholesterol) that was recovered could be accounted for as maternal in origin. 
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Although very few studies have examined metabolism of the B ring, variation among 

different species seems to exist. The com earworm, Heliothis zea, is a phytophagous 

insects that does very little metabolism of the B-ring (Ritter, 1984). In contrast, the 

German cockroach, Bkatella gerrmnica, is capable of reducing a double bond at position 7 

(Clark & Bloch, 1959a). 

The majority of grasshoppers are generalists at the individual level but because 

different plants contain different sterols, or even mixtures of different sterols (Bergmann, 

1953; Salt etal., 1991; Patterson, 1994), grasshoppers are likely to ingest both suitable and 

unsuitable sterols when they feed. Results from the second exf)eriment suggest that, when 

concentrations of suitable dietary sterols are low, unsuitable dietary sterols may interfere 

with the production of cholesterol (i.e. the 'low mixture' diet). This may have grave 

consequences in grasshoppers. In a previous study, which measured survival of S. 

americam, most of the grasshoppers reared on a diet which contained similar 

concentrations of suitable and unsuitable sterols failed to complete development to the adult 

stage (Behmer, 1998). Perhaps this effect was associated with the inability to produce 

cholesterol. A small fraction of these grasshoppers (15%) did, however, complete 

development. This suggests that variation exists among individuals in the capacity to 

metabolize suitable sterols (i.e. 'soybean sitosterol') to cholesterol in the presence of 

unsuitable dietarv' sterols. It would be interesting to test if this variation has a genetic basis. 

Cholesterol amounts in grasshoppers fed the high mixture treatments did not, 

however, differ significantly from those fed the 'soybean sitosterol' diet. Nevertheless, 

when S. americaim was reared on a diet with similar concentrations of suitable and 

unsuitable dietary sterols in a previous study, none completed development to the adult 

stage (Behmer, 1998). In the current study unmetabolized dietary sterols comprised more 

than 32% of the total sterol profile in grasshoppers fed the high mixture treatment, as well 

as those fed the low mixture and stigmasterol diet; in the 'soybean sitosterol' fed 
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grasshoppers, however, only 22% of the total sterol profile was unmetabolized dietar\' 

sterol. Perhaps the failure of grasshoppers to complete development on diets with 

unsuitable dietary sterols is also associated, either directly or indirectly, with the 

accumulation of unmetabolized dietary' sterols. 

Grasshoppers cannot spare essential sterols with the same proficiency as other 

insects, such as the hide beetle (Clark & Bloch, 1959b), the house fly (Robbins, 1963) or 

the fruit fly (Kircher & Gray, 1978), but they can employ temporary sparing mechanisms 

that will permit development to continue through at least a couple of additional stadia when 

suitable sterols are in low amounts (Behmer, 1998). It is interesting, therefore, to note that 

the relative amount of C-24 ethyl sterol was higher in the grasshoppers fed the low mixture 

diet compared to those fed the high mixture diet In the current study, the high mixture diet 

contained 'soybean sitosterol' at a dr\' weight concentration of 0.05%; previous studies 

have shown that this is the minimum sterol requirement for S. americam (Behmer, 1998). 

The low mixture diet, however, had 'soybean sitosterol' present at a concentration of only 

0.025%. When suitable sterols are limiting (i.e., the low mixture), unsuitable sterols may 

be absorbed to meet this minimum sterol requirement. When they are not limiting, but 

occur in combination with unsuitable dietary sterols, they may be preferential absorbed. 

The comparison of sterol profiles from intact insects to those with their midguts 

removed indicates that unmetabolized dietary sterols tend to accumulate in the midgut 

tissue. The insect midgut is a very active tissue zmd, in grasshoppers, the accumulation of 

urunetabolized dietary sterols here may cause severe problems, particularly if they become 

incorporated into a cell's membrane. If this occurs, the structural integrity of the membrane 

may be compromised because phospholipids would not be able to pack tightly around C-24 

ethyl-sterols. This may affect membrane bound proteins, particularly those involved in the 

movement of important ions and molecules across the midgut (Stein, I98I; Hadley, 1985). 
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The contrast in sterol profiles between intact insects and those with their midguts 

removed also suggests that there may be differences in uptake specificity of sterols into the 

midgut tissue and into the hemolymph. Mixed bile salt micelles and small unilamellar 

vesicles are supposed to be the natural carriers from which sterols are absorbed from the 

gut lumen (Carey & Hemell, 1992). In contrast, uptake and transport of sterols into the 

hemolymph is facilitated by lipophorin (reviewed by Blacklock & Ryan, 1994). Little is 

known about the mechanisms involved in the loading of sterols from the midgut into 

lipophorin, but a sterol specific transfer particle, which preferentially loads cholesterol, 

might be involved. 

As mentioned previously, cholesterol amounts in the grasshoppers reared on the 

stigmasterol and spinach sterol diets were similar to those of newly hatched grasshopf)ers. 

If we are correct in assuming that S. americam cannot metabolize either of these dietar\' 

sterols to cholesterol, this suggests that grasshopfiers have a remarkable ability to retain the 

cholesterol that was maternally allocated to them. The midgut is a verv' substantial tissue 

and in some insects, such as Periplaneta americam, there is significant turnover of old or 

damaged cells (Bignell, 1981). Perhaps there are mechanisms which allow grasshoppers 

to recycle the cholesterol which would otherwise be lost in these old or damaged cells. It is 

also interesting to note that relative amounts of cholesterol were highest in newly hatched 

grasshoppers. If a minimum relative amount of cholesterol is required for development to 

proceed, the high starting concentration of cholesterol in the newly hatched grasshoppers 

may act as a buffer and reduce their need to acquire only suitable sterols during early 

development. 

In grasshoppers it is clear that constraints on sterol metabolism can have severe 

consequences. It seems, however, that grasshoppers can detect unsuitable sterols in their 

foods; short-term behavioral studies indicate that sixth stadium 5. americana nymphs can 

develop learned aversions to plants and artificial diets with unsuitable sterols after only a 
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single meal (Champagne & Bernays, 1991; Behmer, 1998). Interestingly, additional 

experiments have suggested that the presence of unmetabolized dietary sterols in the 

hemolymph can play a significant role in the development of this aversion response 

(Behmer, 1998). Although results from the current study indicate that most of the 

unsuitable dietary sterols accumulate in the midgut, some are absorbed into the hemocoel. 

How quickly this absorption occurs, though, is not known. Ingested sterols have been 

detected in the fat body of H. zea within a few hours (Kuthiala & Ritter, 1988), but the 

aversion response of 5. americana to foods with unsuitable sterols would suggest that 

sterol absorption may occur quite rapidly, perhaps in less than one hour. Further studies 

will be required, however, to determine just how quickly sterols are absorbed into the 

hemolymph. 
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Table L Dry mass of grasshoppers when analyzed for sterol content: (A) grasshoppers 

reared on single sterol diets, and (B) grasshoppers reared on diets containing 'soybean 

sitosterol' either singly or combined with stigmasterol at different concentrations. 

Developmental stage denotes the age of grasshoppers when the tissue sterols were taken. 

Different letters indicate significant differences among the treatments. 

T reatment Developmental 
Stadium 

Drv Mass ̂ ±MAD) 
(mg) 

(A) Single Sterol Diet Comparison 

Cholesterol early third 13.6 (±1.4) a 

'Soybean Sitosterol' early third 12.6 (±0.9) a 

Stigmasterol early third 9.2 (±1.1) b 

Spinach Sterols early third 9.0 (±2.1) b 

(B) Mixed Sterol Diet Comparison 

'Soybean Sitosterol' early third 12.6 (±1.0) a 

'Low Mixture' late second 5.6 (±0.1) b 

'High Mixture' early third 13.0 (±1.5) a 

Stigmasterol early third 8.8 (±1.1) b 



Table 2. Tissue sterols of S. aniencoiui: (A) newly hatched grasshop|x;rs, and (B) grasshopjwrs reared on diets containing 

different sterols. The data are presented as medians (±MAD), For tissue profile only |)crccnt cholesterol is compared. IDifferent 

letters indicate significant differences among the treatments (a=().05). 

Treatmenl Total Sterol Total Relative Sterol Diet Profile Tissue Profile 

Amount Sterol Amount (%) (%) 

(MB) O'g'nig) 

(A) Baselitw Tissue Sterols 

Newly Hatched 6,112 (±0.341) 2.480 (±0.216) a choteslcrol 100.0 (±0.0) 

(B) Different Dietary Sterols 

Cholesterol 22.560 (±6.653) a 1.761 (±0.388) ab cholesterol 100,0 1000 (±0 0) a 

'Soybean Sitosterol' 23.442 (±8,853) a 1.810 (±0.576) ab cholesterol 0,0 81.0 (±6.9) b 
campcslerol 27,0 9.4 (±1.7) 
sitosterol 60,0 9,4 (±6,1) 
22-dihydrobrassicastcml 13.0 <1.0 (±0.0) 

Stigmasterol 13.314 (±2.203) b 1.381 (±0.320) b cholesterol 00 54.0 (±3.2) c 
stigmasterol 990 46,0 (±3,2) 

Spinach Sterols 16.102 (±5.614) ab 2.067 (±0.602) ab cholesterol 0,0 45.7 (±9.4) c 
lathosterol 0,0 10.3 (±1.1) 
spinastcrol 60,0 37,0 (±5,4) 
22-dihydrospinasicrul 40.0 6.7 (±2.1) 

00 



Table 3. Tissue sterols from S. a/tieiiauia-. (A) newly hatched grasshoppers, and (13) grasshoppers reared on diets containing 

'soybean sitosterol' (a suitable sterol) or stigmasterol (an unsuitable sterol) alone or in combination. The data are presented as 

medians (±MAD). Tor tissue profile only |)crcent cholesterol is compared. Different letters indicate significant differences 

among the treatments («=().05). 

T reatment Total Sterol Total Relative Sterol Diet Profile Tissue Profile 

Amount Sterol Amount (%) (%) 

(hS) (Jiglmg) 

(A) Ba.seline Tissue Sterols 

Newly Hatched 6.112(10.341) 2.480 (±0.216) a 

(B) Different Sterol Diets 

'Soybean Sitosterol' 21.557 (±8.617) a 1,645(10 474)6 

IxiwMi.Mure 12 387 (±2.343) a 2.212 (±0.466) ab 

HighMi.xlure 16.986 (±5 162) a 1381 (±0.320) b 

Stigmaslcrol 12 y«) (±2 348) a 1.433 (±0343) b 

—— — — ^ -vj 
vO 

cholesterol 100.0 (±0,0) 

cholesterol 0 0 77.6 (±5,4) a 
campesterol 27.0 12,6 (±3 7) 

sitosterol 60 0 9,8 (±1,4) 

22-dihydrobrassicastcn)l 13 0 <0.0 (±0,0) 

cholesterol 0 0 59,6 (±2 8) be 

stigmasterol 50.0 32.4 (±4.7) 

campesterol 13 5 1.2 (±0.2) 

sitosterol 30.0 15.2 (±8.2) 

22-dihydrobrassicasiernl 6 5 <0.0 (±0.0) 

cholesterol 0.0 66.6 (±1,6) b 

stigmasterol 50.0 26.6 (±1.1) 

campcsterol 13 5 0.9 (±0,4) 

sitosterol 30.0 5,7 (±0,6) 

22-dihydrobmssicasIcn)l 6 5 <0.0 (±0.0) 

cholesterol 0 0 54.6 (±3.4) c 
stigmasterol 100.0 46.4 (±3.3) 
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Figure Legend 

Figure 1. Sterol structures of interest. Cholesterol has a double bond at position 5 (A^); it 

is the dominant tissue sterol found in insects. Sitosterol, stigmasterol, spinasterol and 22-

dihydrospinasterol are found in plants. The arrows indicate structural differences from 

cholesterol. Campesterol, 22-dihydrobrassicasterol, and lathosterol are not shown. The 

latter is a A'^-sterol that is similar to 22-dihydrospinasterol but lacks the ethyl group at C-

24. The former are A^-sterols similar to sitosterol that have a methyl group, rather than 

ethyl group, at C-24. 

Figure 2. Sterol profiles of newly hatched S. americam and two-day-old third stadium 

grasshoppers that were reared on diets containing different dietary sterols presented singly: 

(A) total sterol amounts, and (B) relative sterol amounts. Data are presented as medians 

(±MAD). Different letters indicate significant differences among the treatments. 

Figure 3. Sterol profiles of newly hatched 5. americana and two-day-old third stadium 

grasshoppers that were reared on diets containing 'soybean sitosterol' or stigmasterol either 

alone or combined at different concentrations: (A) total sterol amounts, and (B) relative 

sterol amounts. Data are presented as medians (±MAD). Different lower case letters 

indicate significant differences in cholesterol among the treatments while upper case letters 

indicate significant differences in the levels of sterols with ethyl groups at C-24 on the side 

chain. Amounts reported for newly hatched grasshoppers are the same as those shown in 

Figure 2. 

Figure 4. Sterol profiles of two-day-old fourth stadium 5. americam with their midguts 

removed. In this experiment grasshoppers were reared on diets containing 'soybean 
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sitosterol' or spinach sterols either singly or combined at different concentrations. No 

significant difference in percent cholesterol was observed among the treatments. 
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CHAPTER V 

PHYTOSTEROL STRUCTURE AS A BASIS OF FOOD AVERSION LEARNING IN 

THE GRASSHOPPER Schistocerca a/nenca/ia(ORTHOPTERA: ACRIDIDAE) 

Introduction 

All insects, whether they are predaceous or herbivorous, share an inability to biosynthesize 

sterols that are necessary in lipid biostructures and serve as precursors to steroid hormones 

(Clayton, 1964; Svoboda & Thompson, 1985). Cholesterol appears to be the most 

common sterol in insect tissue, and it is the precursor for the molting hormone 20-OH 

ecdysone (Grieneisen, 1994). For herbivorous insects, however, only trace levels of 

cholesterol are found in their host plants (Nes & McKean, 1977; Salt etal., 1991; but see 

Garg eial., 1987). Herbivorous insects typically metabolise phytosterols to cholesterol in 

order to meet their sterol nutritional requirements (Ikekawa etal., 1993). 

There are two general variations that arise in phytosterol structure: (1) differences 

in the nucleus, and (2) differences in the side chain. These variations can have major 

consequences for herbivorous insects. For example, among the different grasshoppers 

(Orthoptera: Acrididae) studied to date, which include representatives from four different 

subfamilies, all are highly restricted with respect to the phytosterols they can use (Dadd, 

1960; Behmer, 1997). Phytosterols that possess double bonds in the nucleus at position 7 

(A"'), or on the side chain at position 22 (A^^), cannot support normal growth and 

development in grasshoppers. 

In addition to their developmental effect, phytosterols may also influence feeding 

behaviour. Sitosterol has been suggested to be a feeding stimulant for the silkworm, 

Bombyx mori (Hamamura, 1970), and there is good evidence of a regulatory role for 

phytosterols in grasshoppers. When the grasshopper Schistocerca americam was 
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presented with spinach, a plant that contains only unsuitable phytosterols, it was initially 

accepted (Lee & Bemays, 1988). With continued exposure, however, its acceptability 

declined until it was completely rejected. In a later study. Champagne & Bemays (1991) 

found that when S. americatui nymphs were fed spinach leaves with added cholesterol or 

sitosterol, acceptability did not decline with experience. Further experiments led them to 

propose that acceptability of spinach declined because feeding was likely being regulated by 

a post-ingestive feedback mechanism working in response to the presence of an 

inappropriate sterol. They found no evidence that the grasshoppers were able to taste 

sterols, however, indicating that chemoreception of the sterols themselves probably did not 

play a role in this behaviour; it was suggested that associative learning influenced feeding 

behaviour on spinach. In associative learning, experience results in an animal being able to 

associate a stimulus having no specific meaning (i.e., it is neutral), with some meaningful 

positive or negative effect (Bemays, 1995). For grasshoppjers that exhibit an aversion 

response to spinach over successive meals, the meaningful effect could be the unsuitable 

phytosterols, whereas the neutral one that comes to be associated with the unsuitable 

phytosterols is some propertv' of the spinach leaf, be it texture or taste. 

The impact that unsuitable sterols have on feeding behaviour, however, has not 

been thoroughly investigated. The declining acceptability of spinach by S. americana over 

successive meals (Lee & Bemays, 1988; Champagne & Bemays, 1991) could be a 

consequence of attributes other than the phytosterol profile. For example, spinach is 

known to contain natural products such as ecdysteroids (Grebenok etal., 1991), oxalates 

(Libert & Francesschi, 1987) and phenols (Huang etal., 1986), all of which may affect 

acceptability. In this study, the role of phytosterols on feeding behaviour of S. americana 

was investigated using behavioural studies on artificial diets in controlled laboratory-

conditions. The hypothesis that unsuitable sterols cause aversion learning was tested in 

three separate experiments using grasshoppers that had been conditioned to feed on 
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artificial diets. The first experiment was intended to show that lipid components of 

spinach, which include phytosterols, were indeed the basis for the food aversion behaviour 

in grasshoppers (Lee & Bemays, 1988; Champagne & Bernays, 1991). It examined 

feeding related behaviours on a diet containing the total spinach lipid extract and compared 

it with behaviour on a diet with sitosterol, a known usable phytosterol. The second 

experiment was aimed at determining which major class of the spinach lipids was 

responsible for the aversion behaviour. Finally, the third experiment investigated how 

sterols with markedly different structures influenced feeding behaviour. 

Methods 

Experimental Insect: S. americana (Drury) is a polyphagous grasshopper occurring 

throughout the eastern United States and Mexico (Harvey, 1981). It is recorded as feeding 

on a wide range of cultivated and naturally occurring plant species (Kuitert & Connin, 

1952). Insects were from a laboratory colony reared in Bioquip cages (30 x 30 x 30 cm) 

on a diet of Romaine lettuce, 7 to 10-day-old wheat seedling and wheat bran, and 

maintained under standard laboratory conditions (photophase L:D 16:8 h, radiant heat L:D 

24-35:19-22° C). Grasshoppers were removed daily as they molted to the sixth stadium 

and only females were used for the experiments. These were transferred to ventilated 5L 

Plexiglass tubs where they were given Romaine lettuce and wheat bran for 18-24 h. 

Experimental Protocol: On the second day of the sixth stadium, female grasshoppers that 

had previously fed on fresh plant material were transferred to individual plastic boxes (II x 

11x3 cm) that had screened ventilation holes on two sides. These grasshoppers were then 

fed (conditioned) for two days on artificial diet (for full details see Simpson & Abisgold, 

1985) that contained a suitable sterol (cholesterol or sitosterol, depending on the 

experiment). Two variations of the diet were used: 1) a 14% protein/14% digestible 
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carbohydrate diet (herein called 14:14), and 2) a 7% protein/7% digestible carbohydrate diet 

(herein called 7:7). Diet 7:7 was nutritionally identical to diet 14:14 except that the levels of 

protein and carbohydrate were half; the difference was replaced by cellulose. These diets 

were suspended in a 1% agar solution in a dry:wet ratio of 1:4 and presented to 

grasshoppers as small cubes. If grasshoppers did not readily accept the artificial diet, as 

determined by the number of fecal pellets produced, they were not used in observations. 

During the two day conditioning period, grasshoppers were maintained in a Percival 

growth chamber with a photophase at L:D 16:8 h and heat regime set at 32:28° C. 

Grasshoppers were given fresh diet twice daily. 

Four-day-old grasshoppers were used for all observations; in S. americana the sixth 

stadium lasts 10-12 days under our rearing conditions, and day 4 corresponds to the time 

of maximum feeding. On the morning of day 4, grasshoppers were moved from the 

Percival growth chamber to an observation room held at 31-33° C. Insect boxes were 

placed side by side and were illuminated from above with a single 15 W fluorescent lamp 

during the observation period. White partitions were placed between boxes to eliminate 

any possible visual interaction between grasshoppers. Observations of insect behaviour 

were initiated at 8 a.m. on each occasion, approximately 2 h after lights on. Grasshoppers 

were observed continuously for the duration of each experiment and their behaviour 

recorded on a laptop computer using the software package The Observer 3.0 (Noldus 

Information Technology, Inc.). Continuous observations allowed a critical analysis of 

how feeding behaviours might change with time and/or experience. For all exfjeriments the 

following behaviours were recorded: 1) palpating the food, 2) biting the food, 3) feeding, 

4) on the food but not feeding, and 5) off the food. 

Experiment 1: This experiment tested whether a lipid component of spinach was the basis 

for the aversion response previously observed in S. americana (Lee & Bemays, 1988; 
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Champagne & Bemays, 1991). First, grasshoppers were conditioned for two days on a 

14:14 diet that contained the suitable sterol cholesterol (0.2% dr>' weight). Following this 

conditioning period grasshoppers were observed feeding on one of two 14:14 diets 

containing: 1) a lipid extract from spinach, or 2) sitosterol (the known usable sterol and 

thus the control). The spinach lipids used in this experiment were extracted from store-

bought spinach, Spinacia oleracea, by methods previously described (Heupel, 1989). 

After this fraction was collected, it was suspended in a known volume of methanol and 

quantified according to total sterol levels using Gas Chromatography (GC). Sitosterol, 

which was derived from soybean, was a mixture of 60% sitosterol, 27% campesterol and 

13% dihydrobrassicasterol; all are believed suitable for grasshopper development (Dadd, 

1960). This was purchased from Sigma Chemical (St. Louis, MO). For both treatments, 

the sterol concentration of the diet was 0.55% dry weight. The observations of 

grasshopper feeding were continuous and lasted for at least 2 h following the first 

encounter with the diet; no more than eight individual grasshoppers were recorded by a 

single observer during a session. Feeding records for ten individuals on the spinach lipid 

extract diet and eight individuals on the sitosterol diet were taken. 

Experiment 2: This experiment tested which major class of lipid was most responsible for 

the aversion response shown by S. americanain the first experiment. Spinach lipids were 

again collected from store-bought spinach using the methods of Heupel (1989), but this 

time the lipid extract was further separated into three different classes using Thin Layer 

Chromatography (TLC). These different classes included: 1) the C-4 desmethyl sterols, 2) 

the C-4 dimethyl sterols, and 3) other spinach lipids. After these fractions were scraped 

from the TLC plates, they were resuspended in equal volumes of methanol; the desmethyl 

fraction was than quantified against a sitosterol standard using GC methods. For this 

experiment, all grasshoppers were conditioned on the 14:14 diet as described in the 
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previous experiment. On day 4, grasshoppers were observed feeding on one of four 14:14 

diets containing: 1) sitosterol (the control), 2) desmethyl sterols, which were mostly 

spinasterol and 22-dihydrospinasterol (in a 2:1 ratio as identified by GC-MS) and all 

unsuitable, 3) dimethyl sterols, or 4) other spinach lipids. Sitosterol and spinach 

desmethyl sterols were added to the diet at a concentration of 0.55% dry weight. The other 

two lipid fractions were added to diets in volumes equal to that of the spinach desmethyl 

sterol extract. In contrast to the previous experiment, individual grasshoppers were 

observed continuously for 4 h after their first encounter with the diet. Each treatment was 

replicated ten times. 

Experiment 3: This last experiment tested how feeding behaviour of S. americam was 

influenced by variation in the position of double bonds within the sterol structure. In 

contrast to the two-day conditioning period previously described, however, grasshoppers 

in this experiment were given a 7:7 diet containing sitosterol (0.2% dry weight). A 7:7 diet 

was used to shorten the interfeed gap between bouts (Simpson, 1995). Additionally, 

feeding for all grasshoppers in this experiment was first recorded on the sitosterol 

conditioning diet. This was done to establish that each insect was in a similar state of 

readiness to feed when presented with the test diet. After each grasshopper had stoppjed 

feeding for 5 minutes, the conditioning diet was removed and replaced with one of four 7:7 

diets that contained: 1) cholesterol (A^), 2) lathosterol (A*^), 3) stigmasterol (A^>22), or 4) 

sitosterol (the control). Cholesterol (suitable), lathosterol (unsuitable), and stigmasterol 

(unsuitable) were all purchased from Sigma Chemical (St. Louis, MO); each was 

approximately 99% pure. Individuals were observed continuously until they had 

encountered the test diet on ten separate occasions; at least ten individuals were recorded on 

each treatment, except for cholesterol (n=8). 
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Statistical Analysis: Feeding is a complex behaviour and is analysed in a number of 

different ways throughout this paper. First, statistical comparisons were made on various 

behaviours taken over an entire observation period. For experiment 1 and 2, the percent 

time feeding and the number of encounters were analysed using the nonparametric Mann-

Whitney U-test and Kruskal-Wallis test, respectively. Encounters were any palp, bite or 

feeding bout. For experiment 3, the total time feeding over the first ten encounters was 

analysed using the Kruskal-Wallis test. Additionally, for all three experiments, the amount 

of time spent feeding over the first three encounters on each treatment was compared using 

the Kruskal-Wallis test. If significant differences were observed over the first three 

encounters, this might suggest the grasshoppers were directly tasting sterols. When 

significant differences among treatments were detected with the Kruskal-Wallis test, a 

Tukey-type multiple comparison test for differences among medians was employed (Zar, 

1996). The median encounter length for individuals on the different treatments was also 

determined and comparisons made using one-way analysis of variance (ANOVA). For this 

analysis, data were square-root transformed to meet the underlying assumptions of 

normality. 

Second, individual encounter lengths were categorized (modified from 

Raubenhemier and Bemays, 1993) and their distributions compared among the different 

treatments. The categories were: (1) rejections (including palps, bites followed by no 

feeding, and bouts<18s), (2) short encounters (18s<feeding<60s), (3) medium length 

encounters (60s<feeding<240s) or (4) long encounters (feeding>240s). Following square-

root transformation, multivariate analysis of variance (MANOVA) was performed. 

Reported F-value comes from Wilke's lambda, which is derived from the maximum 

likelihood technique (Abacus Concepts, Inc., 1989). Contrasts were used to determine if 

there were significant differences in the occurrence of specific encounter types among 

treatments of interest. 
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Finally, the effects of experience on acceptability of the different diets were 

measured. The sequential feeding pattern of individual grasshoppers for each treatment 

was analysed using Cochran's Q-test, a repeated measures analysis designed for 

dichotomous variables (Zar, 1996). In this case, we recorded at each encounter whether an 

individual grasshopper rejected its food (palps, bites followed by no feeding, or 

bouts<18s). The null hypothesis is that the probability of obser\'ing a rejection for any 

particular treatment is the same for each encounter. For experiment 1, rejection sequences 

were observed over the first eight encounters; for experiment 2 and 3, rejection sequences 

were observed over the first ten encounters. 

Results 

Experiment I: Over the two hour period observations took place, no difference in the 

number of encounters among the sitosterol or the spinach lipid extract diet was observed 

(Mann-Whitney U-lesi (MWU), Z=-0.447, P=0.657). Sitosterol-fed grasshoppers had 

8.5 (±3.5) [median (±MAD)] encounters, while the spinach-lipid-extract-fed grasshoppers 

had 9.0 (±3.0) encounters. Over the first three encounters, no difference in percent time 

feeding among the two treatments was observed (MWU, Z=-0.355, P=0.722). Over the 

entire two hour period, however, the percent time feeding was significantly less on the diet 

containing the spinach lipidextract than on the sitosterol control diet (MWU, Z=-3.376, 

P<0.01; Figure 1). 

The median encounter duration was significantly different in the two treatments 

(ANOVA, df=l, F=30.031, P<0.05); encounters on sitosterol diet (53.25 (±27.5) 

seconds) [mean (±SE)] were more than twice as long as those on the spinach lipid extract 

diet (22.5 (±10.0) seconds). At a finer scale, a comparison of the distribution of encounter 

types among the two treatments revealed significant differences (MANOVA, F=5.643, 

PcO.Ol). Spinach lipid extract fed grasshoppers had more rejections than those on the 



94 

sitosterol diet and also had no feeding encounters that lasted greater than 240 seconds 

(Figure 2). 

Finally, the pattern of feeding over the first eight encounters was analysed, noting 

the probability of observing a rejection. Cochran's Q-test revealed significant differences 

in rejection probabilities over time on the spinach lipid extract diet (df=7, X2= 14.061, 

P<0.05); rejection probabilities exceeded 50% in four of the last five encounters (Figure 

3B). This was not the case on the sitosterol diet (df=7, X2=10.575, P>0.10), where 

rejection probabilities remained at or below 50% over the first seven encounters (Figure 

3A). 

Experiment 2: The number of encounters over the four hour period, similar to that shown 

over two hours in the previous experiment, did not vary among any of the different spinach 

lipid fractions and the sitosterol control (Kruskal-Wallis test (KW), H= 1.953, P=0.583; 

Table 1). There also was no difference in the time feeding among these treatments over the 

first three encounters (KW, H=1.149, P=0.765). Grasshoppers feeding over the entire 

four hour observation was, however, infiuenced by the type of spinach lipid fraction added 

to the diet (KW, df=3, H=13.209, P<0.01). The median percent time feeding was lower 

on diets containing one of the three spinach lipid fractions compared to the sitosterol control 

diet. Only the difference between the spinach desmethyl sterol diet and the sitosterol diet, 

however, was significant (Figure 4). 

The median encounter duration was greatest on the sitosterol diet, and lowest on the 

diet containing spinach desmethyl sterols. The difference among the four treatments, 

however, was not statistically significant (ANOVA, F=1.490, P=0.237; Table 1). A closer 

inspection of the distribution of encounter types among the four treatments also failed to 

reveal a significant difference (MANOVA, F=1.180, P=0.310). There were, however, 

differences in feeding behaviour when comparisons between the spinach desmethyl sterol 
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diet and tlie sitosterol diet were made using contrasts. Significantly more rejections (One-

tailed contrast, df=l, F=4.580, P<0.05) and fewer long bouts (One-tailed contrast, df=l, 

F=3.262, P<0.05) were observed on the spinach desmethyl sterol diet compared to the 

sitosterol diet (Figure 5). 

Lastly, the sequence of feeding over the first ten encounters was analysed with 

respect to rejection behaviour. Significant differences in the rejection pattern was observed 

on the diets containing spinach sterols (desmethyl and dimethyl) but not on the diets 

containing other spinach lipids or sitosterol (Table 1). The rejection pattern was strongest 

on the diet containing spinach desmethyl sterols (spinasterol and 22-dihydrospinasterol); 

rejection probabilities were at least 70% in five of the last six encounters (Figure 6B). 

Rejection patterns also differed significantly over time for diets containing the spinach 

dimethyl sterols (Figure 6C), although not to the degree observed for the desmethyl sterols. 

For the diets containing either sitosterol (Figure 6A) or other spinach lipids (Figure 6D), 

however, rejection probabilities did not change as the number of encounters with the diet 

increased. 

Experiment 3: There was no difference in the amount of time spent feeding on the 

sitosterol, cholesterol, lathosterol or stigmasterol diets after the first three encounters (KW, 

H=2.003, P=0.572). There was, however, a significant difference among the four sterol 

treatments in time spent feeding after ten encounters (KW, df=3, H=8.874, P<0.05). 

Grasshoppers given diets containing stigmasterol, lathosterol and cholesterol fed for a 

shorter amount of time compared to those given the sitosterol control diet. However, only 

the difference between the stigmasterol and sitosterol diets was significant (Figure 7). 

There also was a significant difference in the median encounter length among the 

four sterol treatments (ANOVA, F=5.907, PcO.Ol). Both stigmasterol and lathosterol fed 

grasshoppers had shorter median encounter lengths than the sitosterol fed grasshoppers 
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(Table 2). Upon further inspection of the distribution of encounter types, significant 

differences among the four treatments were also revealed (MANOVA, F=2.636, P<0.01; 

Figure 8). More rejections (One-tailed contrast, df=l, P= 14.080, P<0.01) and fewer short 

(One-tailed contrast, df=l, F=3.055, P<0.05), medium (One-tailed contrast, df=l, 

F=4.710, PcO.OS), and long encounters (One-tailed contrast, df=l, F=3.250, P<0.05) 

were observed on the unsuitable sterol diets (stigmasterol and lathosterol) compared to the 

suitable sterol diets (sitosterol and cholesterol). 

Finally, the pattern of feeding was analysed with respect to observed rejections. 

Significant differences in rejection patterns were observed on the unsuitable sterol 

treatments but not on the suitable sterol treatments (Table 2). For stigmasterol, rejection 

probabilities were greater than 60% for five of the last six encounters (Figure 9B). For 

lathosterol, rejection probabilities were greater than 50% on the last eight successive 

encounters (Figure 9C). Rejection patterns on the sitosterol (Figure 9A) and cholesterol 

(Figure 9D) diets, however, did not change significantly with time. 

Discussion 

The first experiment shows that the aversion component is in the lipid fraction while the 

second experiment indicates that sterols are indeed involved. In the first experiment, the 

percent of the total time spent feeding was significantly lower on the diet with the spinach 

lipid extract, which contained unsuitable sterols, compared to the sitosterol control diet. 

Further evidence that these unsuitable sterols contribute to the aversion response is seen in 

the second experiment. The percent time feeding on the diet with the isolated desmethyl 

sterols from spinach (which included spinasterol and 22-dihydrospinasterol) was 

significantly lower compared to the sitosterol control. The difference in the percent time 

feeding for the two other lipid fractions, however, was not significantly different from the 

sitosterol control. Other behaviours also point to a regulatory role for spinach sterols. 
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Grasshoppers given the spinach lipid extract diet, when compared to those fed the sitosterol 

control, had median encounter durations that were shorter, a greater number of rejections, 

and no encounters that exceeded 4 minutes. Likewise, significantly more rejections and 

fewer long encounters were recorded on the desmethyl sterol diet compared to the sitosterol 

control diet for grasshoppers in the second experiment. 

The results from the third experiment, when combined with those from the first two 

experiments, indicate that, in general, desmethyl sterols that are unsuitable for 5. americmia 

cause aversion learning. Grasshoppers given a diet containing the unsuitable sterol 

stigmasterol (A^'22) ate for significantly less time over the first ten encounters and had 

median encounter duration that were much shorter compared to the sitosterol control 

grasshoppers. For grasshoppers given the unsuitable sterol lathosterol (A'^), the median 

encounter duration was significantly shorter than those given the sitosterol control. 

Additionally, grasshoppers given diets with unsuitable sterols had more rejections and 

fewer short, medium and long encounters when compared to the grasshoppers given diets 

with suitable sterols (sitosterol and cholesterol). 

Since it is believed that grasshoppers cannot directly taste sterols (Cook, 1977; 

Champagne & Bemays 1991; Behmer, 1997), the most likely mechanism regulating the 

aversion response to unsuitable sterols in these experiments is an indirect nutritional 

feedback involving associative learning. Furthermore, the aversion only develops over 

time. Two separate analyses of the data support this. First, there was no significant 

difference in the total time feeding over the initial three encounters among any treatments 

for each of the three experiments. Second, the probability of observing a rejection 

increased significantly over time for grasshoppers given diets that contained unsuitable 

desmethyl and dimethyl sterols but not for those given suitable sterols. Both of these 

responses are consistent with associative learning, where there is often a time delay 
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between sensor>' patterns associated with food intake and the negative consequences of 

ingestion (Bemays, 1993). 

How and where phytosterols are detected by grasshoppers is still unknown. The 

existence of a system capable of binding suitable sterols, with a resultant feedback to the 

brain, has been proposed by Champagne and Bemays (1991). In this system, the resultant 

feedback is dependent on sterol absorption. They suggest the failure of unsuitable sterols 

to reach or bind to the putative receptor prevents absorption across the midgut. The failure 

to absorb unsuitable sterols may cause a metabolic bottleneck that in turn triggers the 

aversion response. A recent study on phytosterol metabolism in grasshoppers, however, 

raises doubts about this model. The unsuitable phytosterols spinasterol and stigmasterol 

were detected unmetabolised in the bodies of S. americana nymphs that had been reared on 

artificial diet containing these different sterols (Behmer, 1997). Although these findings 

come from long-term studies, there is no reason to believe unsuitable phytosterols are not 

absorbed at rates similar to suitable sterols. A close inspection of the feeding patterns over 

time indicates that rejection probabilities are at or above 50% by the fifth encounter on diets 

containing unsuitable sterols. In most cases, grasshoppers had their fifth encounter within 

an hour after their first feeding bout. This suggests that unsuitable phytosterols reach the 

hemolymph quickly following ingestion and that the concentrations needed to elicit 

rejection behaviour might be low. 

In the short term, hemolymph composition, with respect to nutrients such as sugars 

and amino acids, varies both with time since a meal and with the quantity and quality of 

previous meals (Abisgold and Simpson, 1987, 1988; Friedman etal., 1991; Simpson and 

Simpson, 1992). As a result, the hemolymph has the potential to provide constantly 

updated information about the insect's nutritional state. That unsuitable phytosterols may 

be acting through the hemolymph to modify feeding behaviours was recently investigated 

by injecting sterols directly into the hemolymph of S. americana nymphs. The results, 
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which are reported elsewhere, strongly suggest that the hemoiymph is playing a central role 

in the aversion response. 

It is interesting to note that sterols with a double bond at position 22 on the side 

chain (e.g., spinasterol and stigmasterol) appear to have the greatest influence on feeding 

behaviour. Only on the stigmasterol diet and the spinach sterol diet, which 

contained spinasterol (A'^'22)^ were all the measured feeding parameters negatively affected. 

In grasshoppers, the presence of a double bond at position 22 blocks dealkylation, thus 

preventing choiesterol production; it does not, however, prevent absorption into the 

hemoiymph (Behmer, 1997). Lathosterol, which has a double bond in the B-ring at 

position 7, also influenced feeding in a negative fashion, but not to the extent that A—-

sterols did. Neither sitosterol or cholesterol, two A^sterols, affected feeding in a negative 

fashion. An additional point of interest relates to the non-polar nature of sterols. In 

contrast to sugars and some amino acids that are soluble in the aqueous hemoiymph, sterols 

must be transported through the hemoiymph by lipophorin (Blacklock & Ryan, 1994). 

Little is known about the fate of absorbed sterols, but lipophorin may be playing a role in 

the regulation of this feeding behaviour. 

Grasshopper feeding is a complex behaviour, but many of the causal factors that 

interact to regulate this behaviour have been identified (reviewed by Simpson, 1995). 

These include the developmental and nutritional state of the insect, the prevailing 

environmental conditions, and the nature and availability of food. In the current study, 

these causal factors were controlled, as much as possible, by using grasshoppers that were: 

1) the same sex and age, 2) reared and observed under identical laboratory conditions, 3) 

preconditioned to feed on artificial diets that were nutritionally identical within an 

experiment except for sterol content, and 4) provided food ad libitum so that individuals 

could regulate intake rates in a natural manner. Any changes in feeding behaviour among 
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the different treatments, therefore, would be correlated with the sterol composition of the 

diet. 

The functional significance of aversion learning to unsuitable phytosterols is evident 

considering phytosterols with dJ or A22-bonds cannot support normal growth and 

development in grasshoppers (Dadd, 1960; Behmer, 1997). In the laborator\', the failure 

to regulate the intake of unsuitable sterols can have extreme consequences for grasshoppers 

(Behmer, 1997). The accumulation of unsuitable sterols in the bodies of 5. americam 

results in high mortality, even if suitable sterols are present at concentrations that alone 

would allow complete development. In the field, grasshoppers often rest on or near their 

foods (Chambers et al., 1996) and aversion learning may be an effective strategy to 

regulate the intake of unsuitable phytosterols. This habit of developing a short-term fidelitv' 

to a particular resource increases the likelihood that learned aversion can develop over a 

series of meals on a single food type, whereupon rejection and movement away may follow 

if the food is unsuitable (Bemays, 1993). Although a number of different factors are 

known to infiuence feeding patterns of grasshoppers in the field, aversion learning to 

unsuitable sterols in the present study suggests the role of phytosterols may potentially be 

very important. 
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Table 1. Feeding behaviours of S. armricam in response to the different spinach lipid 

extract fractions used in experiment 2. Significant difference among treatments are 

indicated by different letters. The rejection sequences were analysed over the first ten 

encounters. All treatments were replicated ten times. 

Treatment Encounter Encounter Rejection Sequence 
Frequency Duration (Q-test results) 

(sec) 

median (±MAD) mean(±SE) ^ P-value 

Sitosterol 26.0 (5.5) a 31.9(16.0) a 9 15.949 ns 

Desmethyls 20.5 (4.5) a 15.2 (6.9) a 9 24.546 

Dimethyls 19.0 (8.0) a 17.1 (8.4) a 9 17.419 4: 

Other Lipids 24.0 (7.0) a 21.5 (3.1) a 9 7.305 ns 

* P<0.05 
P<0.01 

ns=not significant 
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Table 2. Feeding behaviours of S. americana in response to the different sterols used in 

experiment 3. Significant differences among treatments are indicated by different letters. 

The rejection sequences were analysed over the first ten encounters. The sample size for 

each treatment is indicated in parentheses. 

Treatment Encounter Duration Rejection Sequence 
(sec) (Q-test results) 

median (±MAD) ^ P-value 

Sitosterol (11) 44.8 (19.0) a 9 13.125 ns 

Stigmasterol (12) 15.6 (7.1) b 9 18.546 * 

Lathosterol (12) 14.1 (12.4) b 9 22.703 * * 

Cholesterol (8) 22.5 (8.0) ab 9 13.742 ns 

* PcO.Oi 
P<0.01 

iis=not significant 



103 

Figure Legends 

Figure 1. The percent of the total time spent feeding over a 2 hour period for S. americam 

in experiment 1. Data points represent individual grasshoppers and arrows indicate median 

values. The difference between the two treatments was significant (MWU-test, P<0.01). 

Figure 2. The mean (±SE) number of occurrences of different encounter types on either 

sitosterol or spinach lipid extract diets. There was a significant difference in the 

distribution of encounter types among the two treatments (MANOVA, P<0.01). 

Figure 3. Rejections, expressed as a percent at a given encounter, for S. americam over 

each of the first eight encounters in experiment 1. Rejections were defined as palps, bites 

followed by no feeding, or encounters lasting less than eighteen seconds. The treatments 

were: (A) sitosterol, and (B) a spinach lipid extract. Sample size is indicated on the first 

bar for each treatment. 

Figure 4. The percent of the total time spent feeding over a 4 hour period for 5. americam 

in experiment 2. Data points represent individual grasshoppers and arrows indicate median 

values. Only the difference between the sitosterol and the spinach desmethyl sterol diet 

was significant (Tukey test, P<0.05). 

Figure 5. The mean (±SE) number of occurrences of different encounter types on the 

different treatments from experiment 2. There was no significant difference in the 

distribution of encounter types among the four treatments (MANOVA, P=0.310). 

Figure 6. Rejections, expressed as a percent at a given encounter, for S. americam over 

each of the first ten encounters in experiment 2. Rejections were defined as palps, bites 
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followed by no feeding, or encounters lasting less than eighteen seconds. The treatments 

were: (A) sitosterol, (B) spinach desmethyl sterols, (C) spinach dimethyl sterols, and (D) 

other spinach lipids. Sample sizes are indicated on the first bar for each treatment 

Figure 7. The percent of the total time spent feeding over the first ten encounters for 5. 

americam in experiment 3. Data points represent individual grasshoppers and arrows 

indicate median values. Only the difference between the sitosterol and the stigmasterol diet 

was significant (Tukey test, P<0.05). 

Figure 8. The mean (±SE) number of occurrences of different encounter types on the 

different treatments from experiment 3. There was a significant difference in the 

distribution of encounter types among the four treatments (MANOVA, P<0.01). 

Figure 9. Rejections, expressed as a percent at a given encounter, for S. americam over 

each of the first ten encounters in experiment 3. Rejections were defined as palps, bites 

followed by no feeding, or encounters lasting less than eighteen seconds. The treatments 

were: (A) sitosterol, (B) stigmasterol, (C) lathosterol, and (D) cholesterol. Sample sizes 

are indicated on the first bar for each treatment. 
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CHAPTER VI 

POST-INGESTI VE FEEDBACKS AND ASSOCIATIVE LEARNING: MECHANISMS 

REGULATING STEROL INTAKE IN THE GRASSHOPPER Schistocerca americam 

Introduction 

Grasshoppers employ a number of different mechanisms to evaluate the nutritional quality 

of their host-plants and, in turn, can use this information to regulate feeding behaviour. 

Contact chemoreceptors on the maxillary and labial palps, tarsi, and antennae as well as 

chemoreceptors located on the inner face of the labrum, labium and hypophamyx allow 

grasshoppers to directly evaluate host-plant quality (Chapman, 1995). For many 

grasshoppers, a period of feeding is often followed by a sustained period of non-feeding 

(Blaney etal., 1973; Simpson, 1982); post-ingestive feedbacks can then be used during 

this period of quiescence to further evaluate the quality of the food (Lee and Bemays, 

1990). Finally, if successive meals are taken on the same plant, associative learning, either 

positive or negative, can develop (Lee and Bemays, 1988; Simpson and White, 1990; 

Champagne and Bemays, 1991). 

Sterols are essential nutrients for all insects and the specific requirements are well 

known for a number of different species (Dadd, 1977). Among phytophagous insects, 

most metabolise phytosterols to cholesterol, which is the dominant sterol found in cell 

membranes and serves as the precursor for the insect molting hormone 20-OH ecdysone 

(Grieneisen, 1994). Sitosterol is the most common phytosterol found in plants and is 

readily metabolised to cholesterol in most phytophagous insects (Svoboda and Thompson, 

1985; Ikekawa et al., 1993). For grasshoppers, however, phytosterols that possess a 

double bond at position 7 (A*^), or at position 22 (A^^), cannot be metabolised to 
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cholesterol: these sterols will not support normal growth and development (Dadd, 1960; 

Behmer, 1997). 

Little is known about the relative importance of phytosterols as phagostimulants or 

as nutrients that might influence feeding either indirectly or through post-ingestive 

feedbacks. At high concentrations, sitosterol, a suitable phytosterol for most 

phytophagous insects, is a suggested biting stimulant for the silkworm, Bombyx mori 

(Hamamura, 1970; but see Nayar and Fraenkel, 1962) and for the Colorado potato beetle, 

Leptinotarsa decemlineata (Hsiao and Fraenkel, 1968). Results from long term studies (18 

h) suggest that neither sitosterol or cholesterol, which are both suitable, stimulate feeding in 

the grasshopper Loaista migraioria (L.) (Cook, 1977). Grasshoppers do, however, 

appear to regulate feeding in response to unsuitable sterols. When the grasshopper 

Schistocerca americam was presented with spinach, a plant that contains only unsuitable 

phytosterols, sustained acceptance was only seen when utilisable sterols were added 

(Champagne and Bemays, 1991). That unsuitable sterols cause a similar aversion 

response in S. americam was recently confirmed in experiments using artificial diet 

(Behmer, 1997). Feeding behaviours were recorded on diets that were nutritionally 

identical except for the dietary sterol and, similar to the pattern observed on spinach, the 

acceptability of diets containing unsuitable sterols declined with experience. The learned 

aversion to unsuitable sterols over time suggests post-ingestive feedbacks may be 

operating. 

In this paper, behavioural studies of grasshopper feeding were conducted to 

identify the mechanisms that regulate phytosterol intake. If a negative effect is post-

ingestive there are two possibilities: 1) a direct feedback of sterols in the haemolymph on 

mouthpart taste receptors, or 2) a learned association with some feature of the food. Direct 

nutrient feedbacks, which have been postulated to influence food selection in the 

grasshopper L. migraioria (Simpson and Simpson, 1990), are one possibility. For 
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example, a shortage of carbohydrate or protein in the diet lowers the levels of sugar and 

amino acids in the haemolymph, leading to increased sensitivity of mouthpart 

chemoreceptors to sugars and amino acids, respectively. A direct feedback in response to 

sterols may result from either the lack of an appropriate sterol in the haemolymph or from 

the presence of an inappropriate sterol in the haemolymph. In our first experiment, 

grasshoppers were deprived of suitable sterols overnight and then given glass-fibre discs 

with different concentrations of sitosterol (suitable) in a no-choice test. If mouthpart 

chemoreceptors can detect sterols, the absence of suitable sterols in the haemolymph may 

cause an increase in their responsiveness to them. Alternatively, grasshoppers may learn to 

associate inappropriate sterols with a specific taste. Sixth stadium nymphs of 5". americaiia 

are capable of learning to associate the gustatory cues of an initially acceptable novel food 

with detrimental effects caused by the injection of noxious plant secondary compounds into 

the haemolymph after feeding; the learned association leads to a reduction in the 

acceptability of the food (Lee and Bemays, 1990). In our second experiment, we 

measured how, following a meal on spinach, the injection of either suitable or unsuitable 

phytosterols into the haemolymph influenced the subsequent meal on the same food. 

Finally, the importance of gustatory cues to the development of aversion learning was 

quantified using artificial diets containing different combinations of phytosterols and 

flavors. 

Methods 

Experimental Insect: Scfiistocerca americana (Drury) is a polyphagous grasshopper 

occurring throughout the south and eastern United States and Mexico (Har\'ey, 1981). It is 

recorded as feeding on a wide range of cultivated and naturally occurring plant species 

(Kuitert and Connin, 1952). Insects were from a laboratory colony reared in Bioquip® 

cages (30 x 30 x 30 cm) on a diet of Romaine lettuce, 7 to 10-day-old wheat seedling and 
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wheat bran. They were maintained under standard laboratory conditions with photophase 

LD 16:8h and radiant heat LX) 24-35:19-22''C. The radiant heat was supplied by a 150 Watt 

incandescent bulb during photophase and allowed the grasshoppers to regulate their body 

temperature. During the scotophase air temperature fell to 19-22°C. Grasshoppers were 

removed daily as they molted to the sixth stadium. 

Direct Nutrient Effects (Experiment 1): This experiment tested whether direct nutrient 

feedbacks on mouthpart chemoreceptors regulate sterol intake. Grasshoppers, both male 

and female, were transferred to 5L Plexiglass tubs as they molted to the sixth stadium and 

given high quality food, Romaine lettuce and wheal bran, for 2 days; this treatment 

standardised their nutrient status. On day 3, grasshoppers were individually transferred to 

plastic boxes (21.5 cm long x 11 cm wide x 3.5 cm deep with screened ventilation holes at 

each end) that contained 2-3 leaves of spinach in a vial of water. This pretreatment 

provided food but deprived them of suitable sterols for a period of approximately 18 hours. 

During these three days, grasshoppers were maintained under standard laboratory 

conditions. On the morning of day 4, at approximately 0800 hours, the grasshoppers were 

transferred to an observation room held at 31-33° C. 

For observations, individuals were removed to new plastic boxes (11 cm x 11 cm x 

3.5 cm with two screened ventilation holes) that contained a single glass-fibre disc 

(Whatman GF/A) treated with 0.25% sucrose (the control) or 0.25% sucrose plus 1% or 

10% sitosterol (all concentrations expressed on a dry weight of the disc). The sitosterol 

was dissolved in chloroform and applied to the discs in a volume of 100 fdl using an 

automated pipetman (this volume completely saturated a disc); the sucrose control discs 

were also treated with chloroform. Discs were mounted on inverted push-pins so that 

grasshoppers could easily access the disc edge and feed; the push-pins were secured to the 

arena floor using sticky tack. Sitosterol, purchased from Sigma Chemical (St. Louis, 
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MO), was derived from soybean and was a mixture of 60% sitosterol, 27% campesterol 

(A^) and 13% dihydrobrassicasterol (A^); all of these are suitable phytosterols for S. 

americatia (Dadd, 1960). 

In all the following experiments insects were observed in a way that minimised 

disturbance from each other as well as from the observers. Boxes were placed side by side 

and illuminated from above with a single 15-W fluorescent lamp and partitions were placed 

between boxes to eliminate any possible visual interaction between grasshoppers. All the 

feeding behaviours were recorded from a distance of approximately two feet; caution was 

taken not to disturb the grasshoppers with sudden movements during the observation 

period. The following behaviours were record on a laptop computer using the software 

package The Observer 3.0 (Noldus Information Technology, Inc.): 1) palpating the 

food/substrate, 2) biting the food/substrate, 3) feeding, 4) on the food/substrate but not 

palpating, biting or feeding, and 5) off the food/substrate. 

In this particular experiment, grasshoppers were observed continuously for the 

length of their first meal. A meal was considered to be initiated if the insect approached the 

disc and then sampled it, either by palpating the surface or by taking a sample bite. It was 

considered terminated if the grasshopper was off the disc and had not contacted it for 

greater than 5 minutes (Simpson and Simpson, 1990). If a meal was initialed by palpation 

or biting but no ingestion occurred within 5 minutes, a meal length of 0 minutes was 

recorded; we call this a rejection. Otherwise, meals were defined as the sum of all bouts of 

feeding from the first contact until a feeding/contact gap of greater than five minutes. 

The length of the first bout, the length of the first meal and the number of contacts 

made during the first meal were compared using the nonparametric Kruskal-Wallis test. A 

minimum of 12 replicates was made for each treatment. If a direct nutrient feedback on 

mouthpart chemoreceptors is involved it would be expected that sterol-deprived individuals 
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should respond more positively to the discs with 'soybean sitosterol' compared to sterol-

deprived individuals presented with sucrose only discs. 

Learned Associations through Indirect Post-Ingestive Feedbacks (Experiment 2): The goal 

of this experiment was to quantify the effect of different injected sterols on the acceptability 

of spinach, as indicated by amounts ingested in meals before and after injections. Newly 

molted sixth stadium grasshoppers were transferred to 5L Plexiglass tubs and fed Romaine 

lettuce and wheat bran for three days; during this time they were maintained under standard 

laboratorv- conditions. On the morning of day 4, grasshoppers were transferred to an 

observation room held at 31-33® C and removed individually to plastic boxes (21.5 cm x 11 

cm X 3.5 cm with two screened ventilation holes). 

Two separate sets of injection experiments were conducted. First, 'soybean 

sitosterol' (suitable) injected insects were compared against clean mineral oil injected 

insects; this test served as a control to measure how the injection of mineral oil impacted 

feeding behaviour. Second, 'soybean sitosterol' (suitable) injected insects were compared 

against spinach sterol (all unsuitable) injected insects. 

Starting at approximately 0830 hours on day 4, each insect was provided with cut 

seedling wheat standing in a vial of water and observed until the end of the first meal. 

Giving the grasshoppers a first meal on wheat standardised them nutritionally and ensured 

that they were in a similar state of readiness to feed when presented with the next food 

item. As in the previous experiment, a gap of non-feeding/off the food greater than 5 

minutes was used as the criterion marking the end of a meal. Following the end of the first 

meal, the wheat was replaced with a leaf of spinach standing in a vial of water. As soon as 

the first meal on spinach was completed, mineral oil, containing one of three sterol 

treatments, was injected with a micrometer syringe into the insects. The three injection 

treatments were: 1) no sterols, 2) 'soybean sitosterol', and 3) spinach sterols. The needle 
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was inserted through an abdominal intersegmental membrane, taking care not to penetrate 

the alimentary tract, and a volume of 4.5 n\ of solution was injected into each grasshopper 

(for grasshoppers receiving sterols, the dosage was 15 jug sterol/injection). The sterols had 

been added to the mineral oil in a small volume of ether and then sonicated for 

approximately 10 minutes. An equal volume of ether was also added to the clean mineral 

oil. Each mineral oil solution was then put on a hot plate and placed under a fumehood to 

drive off the ether. The spinach sterols used in this and the following experiment were 

extracted from store-bought spinach, Spinacia oleracea, by methods previously described 

(Heupel, 1989) and were quantified using Gas Chromatography (GC). After the injection, 

the insects were given a fresh leaf of spinach and observations continued until they had 

completed another meal. 

If the aversion response to spinach develops because of post-ingestive effects from 

unsuitable sterols, feeding would be expected to decrease dramatically following the 

injection of spinach sterols. Comparisons of meal lengths between the different injection 

treatments were made using the nonparametric Mann-Whitney U test. For the two different 

experiments, each treatment was replicated a minimum of 14 times. 

Aversion Learning and the Role of Flavor (Experiment 3): If the grasshoppers cannot taste 

sterols, learning to avoid particular sterols must depend on the association of an unsuitable 

food with some independent character of the food that the insects are able to taste. This 

experiment was designed to determine the impact of food taste and dietary sterol on the 

development of the learned aversion. 

On the second day of the sixth stadium, female grasshoppers that had previously 

fed on Romaine lettuce and wheat bran were individually transferred to plastic boxes (11 x 

11 X 3 cm with two screened ventilation holes). These grasshoppers were then fed for two 

days on a 7% protein/7% digestible carbohydrate artificial diet (Simpson and Abisgold, 
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1985) that contained 'soybean sitosterol' (0.2% dry weight). The diet was suspended in a 

1% agar solution in a dryrwet ratio of 1:4 and presented to individual grasshoppers as small 

cubes. If grasshoppers did not eat the artificial diet freely, as determined by the production 

of faecal pellets at the end of the two-day period, they were not used in observations. 

During this period, grasshoppers were maintained in a Percival growth chamber with a 

photophase at LD 16:8h and heat regime set at LD 32:28°C. They were given fresh diet 

cubes twice daily. Grasshoppers were moved on the morning of day 4 from the Perciv al 

growth chamber to an obser%'ation room held at 31-33° C. 

Observations of insect feeding were initiated at 0800 hours on each occasion, 

approximately 2 h after lights on. The sequence of meals for each treatment are shown in 

Figure 2. Feeding for all grasshoppers was first recorded on a fresh cube of 'soybean 

sitosterol' diet (meal 1), which was the same as that used during the previous two days. 

This was done to establish that each insect was in a similar state of readiness to feed when 

presented with the next type of food (meal 2). After each grasshopper had stopped feeding 

for 5 minutes, the 'soybean sitosterol' diet cube was removed and replaced with a new 

cube of diet containing spinach sterols (0.2% dry weight). The length of the next two 

meals (meals 2 and 3), which were both on spinach sterol diet, was recorded. Five 

minutes after meal 3, the spinach sterol diet was removed and replaced with one of four 

fresh diet cubes. These were: A) a spinach sterol diet (the control), B) a 'soybean 

sitosterol' diet, C) a spinach sterol diet with the chemical marker coumarin, or D) a 

'soybean sitosterol' diet with the chemical marker coumarin. Coumarin was added to the 

diet at a dry weight concentration of 0.5%. Pilot studies indicated that grasshoppers could 

taste coumarin at this concentration but that it was neither phagostimulatory nor deterrent. 

The sterol concentration in each diet was 0.2% dry weight. The length of the next two 

meals (meals 4 and 5) was then recorded. 
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For each treatment, the feeding sequence over meals 2 through 5 was analysed 

using the nonparametric repeated measures Friedman test. Where significant differences 

occurred within a treatment, comparisons between specific meals were made using a 

Tukey-type test for medians (Zar, 1996). A minimum of 14 replicates was obtained on 

each treatment. Predictions associated with feeding in response to the different 

combinations of sterols and flavors can be seen in Table 3. 

Results 

Direct Nutrient Feedbacks (Experiment 1): Sixth stadium S. americam nymphs, pretreated 

with spinach, were fed glass-fibre discs with 0.25% sucrose with or without various 

concentrations of added 'soybean sitosterol'. The median length of the first bout, the 

median length of the first meal, and the median number of contacts on the control disc and 

discs with 1% or 10% 'soybean sitosterol' were not significantly different from one 

another (Table 1). 

Learned Associations through Indirect Post-Ingestive Feedbacks (Experiment 2): Two 

separate injection experiments were performed. The first experiment compared feeding 

responses on spinach following the injection of clean mineral oil or 'soybean sitosterol' (all 

suitable sterols). The second experiment compared the effects of injecting different 

phytosterols (either suitable or unsuitable) on feeding responses to spinach. 

The length of the initial pretest meal on wheat (meal 1) did not differ between 

injection groups for either the first (Mann-Whitney U test (MWU), Z=-1.562, P=0.118) or 

the second experiment (MWU, Z=-0.569, P=0.569). Likewise, there was no difference in 

the length of the first meal on spinach (meal 2) in either the first (MWU, Z=-0.873, 

P=0.383) or second experiment (MWU, Z=-0.759, P=0.448). 

Following the second meal (spinach meal 1), individuals received their injections. 

In the first experiment, there was no difference in the length of the meal 3 (spinach meal 2) 
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between the clean mineral oil and 'soybean sitosterol' injected grasshoppers (MWU, Z=-

0.184, P=0.854; Figure 3a). In the second experiment, however, the third meal (spinach 

meal 2) was greatly reduced in insects injected with the spinach sterol compared to those 

injected with 'soybean sitosterol' (MWU, Z=-4.102, P<0.01; Figure 3b). Grasshoppers 

injected with spinach sterols had median (±MAD) meal lengths of only 3.3 (±1.8) seconds 

as compared to 82.3 (±24.0) seconds for grasshoppers given the sitosterol injection. 

Aversion Learning and the Role of Flavor (Experiment 3): There was no significant 

difference in the length of the first meal ('soybean sitosterol') among the four treatment 

groups. The length of the next meal (meal 2), which was the first meal on the spinach 

sterol diet, also did not vary significantly among the four treatment groups. Since there 

were no significant differences in meal lengths within the first or second meal, data for both 

meal 1 and meal 2, respectively, were pooled; the first and second meal lengths were then 

compared to test if there was an immediate aversion to the spinach sterol diet. There was 

no significant difference in meal lengths between the standardising 'soybean sitosterol' diet 

and the first meal on the spinach sterol diet (WSR, Z=-0.520, P=0.603). The median 

(±MAD) meal length on the sitosterol diet was 6.0 (±2.8) minutes while the median meal 

length on the first spinach sterol diet was 6.4 (±2.4) minutes. 

Since there was no immediate drop in feeding on the first spinach sterol diet (meal 

2) compared to the 'soybean sitosterol' standardising diet (meal 1), we proceeded to 

analyse the pattern of feeding across meals 2 through 5, using the first meal on the spinach 

sterol diet as the starting point. Within each treatment, significant differences in feeding 

patterns across these four meals were observed (Table 2). The patterns, however, varied 

among the different treatments. For all treatments, though, feeding decreased significantly 

between meal 2 and meal 3, the first and second spinach sterol meals, respectively (Figure 

4a-d;Table3). 
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For grasshoppers that were given the original spinach sterol diet at meal 4 and 5, 

feeding decreased compared to the third meal (Figure 4a); in both cases the differences 

were small and not significant (Table 3a). Grasshoppers given a diet containing sitosterol 

without a novel flavor at meal 4 also decreased feeding; feeding increased slightly on this 

diet in the fifth meal (Figure 4b). Again, however, the lengths of the fourth and fifth meal 

were not significantly different from the third meal (Table 3b). 

The addition of a 'novel' Havor to the diet at meal three had a significant influence 

on feeding responses (see figure 2 for a review of the experimental protocol). When the 

original spinach sterol diet was replaced with a diet that contained coumarin, feeding 

increased significantly between the third and fourth meal regardless of the dietary sterol 

(Figure 4c and d; Table 3c and d). The type of dietary sterol did, however, have an impact 

on feeding in the fifth meal. The increased feeding response between the third and fifth 

meal was again significant on the 'soybean sitosterol' diet with coumarin (Figure 4d; Table 

3d). In contrast, the length of the fifth meal on the spinach sterol diet with added coumarin 

was not significantly different from the third meal on the original spinach sterol diet (Figure 

4c; Table 3c). 

Discussion 

Results from the first experiment fail to support the idea that grasshoppers detect sterols 

post-ingestively via direct nutrient feedbacks affecting the mouthpart taste receptors. For 

all the behavioural parameters measured, no significant differences were detected among 

the 'soybean sitosterol' discs and the sucrose control discs. If grasshoppers were using 

direct nutrient feedbacks, it might have been expected that depriving them of suitable sterols 

would increase the sensitivity of gustatory receptors of the mouth and palps and thus 

increase their propensity to feed on the sitosterol-treated discs (Simpson and Simpson, 

1990). These results are consistent with previous studies indicating that grasshoppers are 
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unable to taste sterols (Cook, 1977; Champagne and Bemays, 1991). Electrophysiological 

work, however, is required to completely resolve the question of whether grasshoppers 

taste sterols directly. 

The second set of experiments suggest, instead, that 5. aniericcuia detects 

phytosterols post-ingestively using indirect feedbacks. Grasshoppers injected with spinach 

sterols following a first meal on spinach had significantly shorter meal lengths and more 

rejections in their second meal on spinach than did grasshoppers injected with either 

sitosterol or clean mineral oil. Learned aversions of foods eaten immediately before the 

injection of toxic plant secondary compounds have been shown in S. americam (Lee and 

Bemays, 1990), but the current study is the first to demonstrate a learned aversion in this 

insect following the injection of plant primary compounds. 

Although the injection experiments clearly indicate that unsuitable phytosterols in 

the haemolymph can induce aversion learning, how this response develops remains 

unclear. Two possibilities are presented here. First, a nutrient deficit may develop, 

producing an imbalance of neurotransmitters in the CNS (Cohen etal., 1988). This may 

instigate locomotor activity and result in an increased probability of encountering a new 

food substrate. It seems unlikely, though, that there could be a substantial nutrient deficit 

with respect to sterols after a single meal. Second, and perhaps more likely, unsuitable 

phytosterols released into the haemolymph may act directly on some unspecified region of 

the CNS. 

The results from the last experiment suggest that once the unsuitable sterols are 

detected, their intake is probably being regulated via associative learning. Grasshoppers 

given artificial diet with unsuitable spinach sterols developed an aversion response after a 

single meal; the aversion response was maintained during the next two meals (Treatment 

A). This pattern of decreased feeding with experience is consistent with associative 

learning (Bernays, 1993). Under this feeding regime, we suggest that the unsuitable 
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spinach sterols came to be associated with the taste of the artificial diet. That taste plays an 

important role in regulating sterol intake can be seen when the chemical marker coumarin 

was added to the diet at meal 4 (treatments C and D); feeding immediately increased 

compared to the previous spinach sterol meal (meal 3). We suggest that the presence of a 

novel flavor (coumarin) disrupts the link between the meaningful stimulus (the unsuitable 

phytosterols) and the conditioned stimulus (the old taste of the diet). The significant 

increase in feeding even when spinach sterols were present suggests that the novel flavor is 

being used by the insects as a signal indicating a new food has been encountered. Novelty 

has been suggested as an important aspect of food acceptability in the highly polyphagous 

grasshopper Taeniopoda eques (Bemays, 1992; Raubenheimer and Bemays, 1993). 

Grasshoppers, however, quickly learned to associate the novel flavor with the tyjje 

of sterols in the diet (either suitable or unsuitable). In Treatment C, a learned negative 

association between the taste of coumarin and the unsuitable sterols developed after only 

one meal; the length of the fifth meal (the second meal on the spinach sterols plus coumarin 

diet) decreased compared to meal 4 and was not significantly different from the length of 

meal 3 (the second meal on the original spinach sterol diet). In contrast, in Treatment D, a 

positive learned association developed between the taste of coumarin and the suitable 

'soybean sitosterol'; the length of the fifth meal was again significantly greater than the 

length of meal 3 (the second meal on the original spinach sterol diet) and was slightly, but 

not significantly, greater than the previous meal (meal 4). 

Finally, that a learned association develops between the taste of the diet and the 

unsuitable sterol is supported by the results from Treatment B. When the dietary sterol was 

changed to the 'soybean sitosterol' (suitable), but the taste of the diet was not modified by 

the addition of coumarin, feeding in the fourth meal did not increase compared to the 

previous spinach sterol meal (meal 3). If feeding was being regulated solely by the dietary 

sterol, we would have expected to see increased feeding during this meal. Additionally, 
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even with the experience of one meal on the 'soybean sitosterol' diet, feeding in the fifth 

meal was not statistically different from feeding in the third meal (the second spinach sterol 

meal). These result may suggest two things: 1) grasshoppers were maintaining the 

association of the taste of the diet with the unsuitable sterols for at least two meals, and 2) 

grasshoppers respond more strongly to the presence of unsuitable sterols than suitable 

sterols. 

The aversion response to the unsuitable spinach sterols in artificial diet experiment 

developed after only one meal. If grasshoppers are detecting the unsuitable sterols post-

ingestively, as the injection experiment seems to suggest, it appears that sterol absorption 

occurs very rapidly. Studies on sterol absorption demonstrate that the midgut is the main 

site of absorption in most phytophagous insects (Joshi and Agarwal, 1977). Previously it 

was hypothesised that unsuitable sterols were not absorbed across the midgut in 

grasshoppers (Dadd, 1960). Recent results from long term studies using S. americaim, 

however, indicate that unsuitable phytosterols are absorbed without being metabolised 

(Behmer, 1997). Results from studies on other insects also indicate that sterol structural 

differejices do not appear to affect absorption (Clayton et al., 1964; Kuthiala and Ritter, 

1988). 

Among grasshoppers, the regulation of phytosterol intake may occur because 

sterols are essential nutrients that may be limiting (Bemays, 1992). Insect dietar\' sterol 

requirements range from 0.01 to 0.2% dry weight of the diet, with 0.1% being a common 

value among phytophagous insects (Svoboda and Thompson, 1985). However, plant 

sterol concentrations can often be well below 0.1% dry weight (Nes, 1977). For 

grasshoppers such as S. americam, which are generalists at the individual level (Otte, 

1975), the likelihood that sterol shortage is a real phenomenon becomes even greater when 

one considers grasshoppers cannot metabolise A'' or A22-sierols to cholesterol (Behmer, 

1997); these sterols commonly occur in a number of plant families represented in typical 
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Schistocerca spp habitats (Salt et ai, 1991). Additionally, regulation may reduce the 

accumulation of unsuitable phytosterols that can eventually cause deleterious effects. When 

5. canericcuia was reared on diets containing mixtures of suitable and unsuitable sterols, 

they failed to complete development (Behmer, 1997). Plant primary compounds have often 

been viewed as relatively unimportant factors regulating feeding behaviour in 

phytophagous insects (Berenbaum, 1996), but the results from this paper suggest 

phytosterols may play an important role regulating feeding behaviour in grasshopjjers. 
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Table 1. Feeding behaviours of S. americcuia in response to different concentrations of 

'soybean sitosterol' applied to glass fibre discs. All discs contained a 0.25% dry weight 

concentration of sucrose. Prior to the test, grasshoppers were fed spinach for 18 h. Data 

are presented as medians (±MAD) and were analysed using the nonparametric Kruskal-

Wallis test. 

Feeding 
Behaviour 

Sucrose 
Control 

Sitosterol 
(1%) 

Sitosterol 
(10%) 

Kruskal-Wallis test 

df P-value 

First Bout Length 83.8 60.0 102.7 2 0.510 First Bout Length 
(58.0) (46.1) (53.1) 

First Meal Length 223.0 20 L2 217.9 2 0.913 First Meal Length 
(130.5) (102.8) (97.3) 

Number of Contacts 3.0 3.0 2.5 2 0.969 
During the First Meal (1.0) (2.0) (1.5) 
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Table 2. Results from the nonparametric repeated measures Friedman test. For all four 

treatments, the first two meals were on artificial diet that contained spinach sterols. The 

next two meals were on artificial diets that contained different sterols and/or flavors 

depending on the treatment (see Figure 2 for a review of the experimental protocol). 

Coumarin was add to give the diet a 'novel' flavor. 

Flavor/Sterol Feeding Sequences 
at Meal Three (Friedman results) 

n ^ X~ P-value 

Same Flavor 

(A) Spinach Sterols 15 

(B) 'Soybean' Sitosterol 14 

Flavor Change 

(C) Spinach Sterols 19 

(D) 'Soybean' Sitosterol 17 

3 12.840 

3 8.657 

3 17.447 

3 23.047 

» = P<0.05 
*» = P<:0.01 
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Tables. Expected and observed trends in meal lengths for S. americam given diets with 

different combinations of sterols and flavors. Meals two and three were on artificial diet 

that had spinach sterols. Meals four and five were on artificial diets that contained different 

sterols and/or flavors, depending on the treatment. Coumarin was added at meal three to 

give the diet a 'novel' flavor. Statistical comparisons between specific meals were made 

using a Tukey-type test for medians. 

Meal Length Comparisons 
Flavor/Sterol 
at Meal Three 

Meal 2 v. 3 Meal 3 v. 4 Meal 3 v. 5 

Same Flavor 

(A) Spinach Sterols 

Expected Trend 
Observed T rend 
Tukey-typetest 

(B) 'Soybean' Sitosterol 

Expected T rend 
Observed Trend 
Tukey-type test 

Flavor Change 

(C) Spinach Sterols 

Expected T rend 
Observed T rend 
Tukey-type test 

(D) 'Soybean' Sitosterol 

Expected Trend 
Observed T rend 
Tukey-type test 

decrease 
decrease 

(••)  

decrease 
decrease 

(•»)  

decrease 
decrease 

(» ») 

decrease 
decrease 

(»•)  

no difference 
decrease 

(ns) 

no difference 
decrease 

(ns) 

mcrease 
increase 

(•)  

mcrease 
increase 

(**) 

no difference 
decrease 

(ns) 

increase 
increase 

(ns) 

decrease 
decrease 

(ns) 

mcrease 
increase 

(»») 

• = PcO.OS 
** = P<0.01 
OS = not significant 
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Figure Legend 

Figure 1. Sterol structures of interest. Cholesterol is the dominant insect sterol. Sitosterol 

and spinasterol are phytosterols. Spinasterol is the dominant phytosterol in spinach and 

does not support normal growth and development in grasshoppers. Arrows on the 

phytosterols indicate structural differences from cholesterol. 

Figure 2. The experimental protocol used to determine the impact of food taste and dietary 

sterol on the development of the learned aversion to spinach sterols. All grasshoppers 

received the same diet sequence for the first three meals. At meal 4, the original spinach 

sterol diet was replaced with a new diet that contained one of four sterol/flavor 

combinations. The 'novel' flavor used in this experiment was coumarin. Letter codes, 

shown in the far right column, are assigned to each treatment and are used throughout the 

text to describe the different diet sequences. 

Figure 3. Spinach meal lengths of S. americana after different sterols had been injected 

into the haemolymph. Prior to the injections, grasshoppers were initially given a meal on 

wheat, which was then followed by a meal on spinach (the data from these meals are 

reported in the results). Panel (A) compares spinach meal lengths of grasshoppers injected 

with either clean mineral oil (the speckled bars) or 'soybean sitosterol' (the hatched bars). 

Panel (B) compares spinach meal lengths of grasshoppers injected with either 'soybean 

sitosterol' (the hatched bars) or spinach sterols (the darkened bars). Meal lengths are 

presented as medians (±MAD) and different letters above the bars indicate significant 

differences between the two injection treatments. 

Figure 4. Feeding responses of S. americana over four successive meals on artificial diet 

containing different combinations of sterols/flavors. The first two bars on each figure 
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show feeding responses to diet containing spinach sterols (darkened bars). The next two 

bars show feeding responses to diets that contain one of four different sterol/flavor 

combinations: (A) spinach sterols with no coumarin (darkened bars), (B) 'soybean 

sitosterol' with no coumarin added (hatched bars), (C) spinach sterols plus coumarin (open 

bars), and (D) 'soybean sitosterol' plus coumarin (cross hatched bars). Meal lengths are 

expressed as a percent of the first meal and presented as medians (±MAD). See Figure 2 

for a full review of the experimental protocol. 
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CHAPTER VII 

CONCLUSION 

Phytosterol structure can clearly have pronounced effects on insects with limited metabolic 

capacity, influencing not only growth and development, but also feeding behavior. 

Considering the sterol metabolic limitations faced by grasshoppers and other phytophagous 

insects, it is interesting to speculate on possible explanations for phytosterol structural 

variation in plants. Nes (1987) suggests two possibilities. First, a random mutation 

occurred at some point in evolution leading to altered biosynthesis and a different end 

product; this new pathway has simply remained in the lineage to this present day. Second, 

these mutations are actively rather than passively retained, because they have an adaptive 

function. Most species in the order Caryophyllales, which contain predominantly IsP-

sterois, are xerotolerant or halotolerant and many species are highly adaptable weeds found 

in waste places (Salt etal., 1991). Perhaps modification of sterols profiles allows these 

plants to survive in these harsh conditions. It is interesting to note, however, that 

grasshopper populations are often very high in these same types of habitats. That 

unsuitable phytosterols can have a significant impact on a number of different life-histor\' 

traits and that they can induce such a rapid aversion response in grasshoppers suggests that 

they may be particularly effective compounds to reduce damage caused by generalist 

herbivorous insects, particularly those with limited sterol metabolic capabilities. 

It is also interesting to spjeculate on whether suitable sterols might ever be limiting 

for phytophagous insects. Variation among plant sterol profiles is well documented but 

quantitative information is not as abundant. There are reports that in plants total sterol 

concentrations var\' from 0.01% to 0.3% dr>- weight (reviewed by Nes, 1977; Nes & 

McKean, 1977); these concentrations, however, can vary greatly depending on the plant 
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tissue that has been analyzed. For example, seeds generally have sterol concentrations in 

the range of 0.2 to 0.5% dry weight while pollen ranges from 0.13 to 0.5%. Among 

meristematic tissues, concentrations as high as 1% dry weight have been reported but 

older, senescing tissues may have relatively low sterol concentrations. For most insects, 

dietary requirements range from 0.01 to 0.2% dry weight of the diet, with 0.1% being a 

common value among phytophagous insects (Svoboda & Thompson, 1985). Perhaps the 

plant tissue that insects feed on is in part influenced by a drive to meet sterol requirements. 

Observations of polyphagous grasshoppers in the field, for example, have shown a 

predilection for tissues that are often sterol-rich (Raubenheimer & Bemays, 1994; 

Chambers e/ al., 1996). Selectively feeding on plant tissues with relatively high 

concentrations of suitable sterols may also help offset the negative effects of some 

secondary metabolites (Bloem etal., 1989). 

The majority of studies examining the effect of phytosterols on insects have focused 

on growth and development in the immature stage but phytosterols may also have a large 

impact on reproductive output and fecundity, particularly in species that must continue to 

feed as adults. For example, when female Lociista migraioria were reared on wheat with a 

selectively modified sterol profile (A^-sterols) they produced eggs with reduced cholesterol 

and ecdysteroid levels compared to females reared on normal wheat (Costet et al., 1987); a 

series of developmental arrests and/or abnormalities in the grasshopper embryos were 

associated with these reduced titers. Results from the current study suggest that females 

allocate significant amounts of cholesterol to each individual egg: cholesterol amounts were 

approximately 6 /<g/individual. It is common for a female S. americam to produce 

anywhere from 50 to 100 eggs/pod, which indicates that a total of 300-600 /<g of 

cholesterol is allocated for an individual egg pod. Additionally, in an average female's 

lifetime she may lay up to 4 individual egg pods. Perhaps sterols have been greatly 
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underemphasized as a factor constraining clutch size and total reproductive effort in 

grasshoppers. 

Clearly many questions related to sterol nutrition in insects remain. How important 

are phytosterols in determining patterns of feeding among generalist phytophagous insects 

in the field? How important is it for generalist insects with sterol metabolic constraints to 

limit the intake of unsuitable phytosterols and what amounts are tolerable? Why are some 

phytophagous insects with sterol metabolic constraints able to grow and develop on mixed 

sterol diets while others cannot? How do unsuitable sterols exert their negative effects on 

phytophagous insects? Are there multiple enzymes involved in phytosterol metabolism or 

do some insects, which can metabolize structurally diverse phytosterols, have a single more 

generalized enzyme involved in the metabolism of dietary sterols to cholesterol? Perhaps a 

greater understanding of the relationship between sterols and insects will shed new light on 

how insect-plant interactions are structured. 
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