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Abstract--A variety of ,plant secondary compounds, several of which are 
quite widespread in nature were tested for their deterrence to the generalist 
grasshopper Schistocerca americana in short-term behavioral assays. The 
compounds were coumarin, salicin, tannic acid, gramine, nicotine, quinine, 
carvone, geraniol, abietic acid, umbelliferone, and ursolic acid. These were 
then tested for their postA.ngestional effects over the whole of the last larval 
instar. Different methods were employed to mask the taste of compounds that 
were deterrent in order to ensure that any effects were not due to reduced 
feeding. In no case was there any indication of a detrimental effect or any 
trend suggesting one. In two cases, there was a significant increase in growth 
rate with the addition of the secondary compound to the diet. The evolution- 
ary implications of these findings are discussed. 
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INTRODUCTION 

The  poss ible  evolu t ionary  reasons for deterrent  effects o f  plant secondary com-  

pounds  on herb ivores  are numerous ,  but  usual ly it is assumed that avoidance  o f  

chemica l s  o r  plants is an evo lu t iona ry  response to some  noxious  quali ty o f  these 

materials .  Yet  many  deterrent  responses  appear  to be unrelated to post - inges-  

t ional  toxic i ty  (Cot tee  e t  a l . ,  1988; Bernays  and Chapman ,  1987; Bernays  and 

Graham,  1988). The  ques t i on  needs  answer ing  on a series o f  different insect 

species and plant compounds  because ,  i f  behaviora l  de ter rence  is not  associated 

with post - inges t ional  toxic i ty ,  the evo lu t ionary  reasons for  the behaviora l  sen- 
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sitivity need reevaluation with respect to whether they are primarily ecological 
or physiological. Among grasshoppers, deterrence of chemicals in non-host 
plants appears to be the primary basis for rejection of plants as food (Bernays 
and Chapman, 1977, 1978; Chapman and Bernays, 1977; Chapman et al., 
1988), and there is interest in whether rejection responses are indicators of 
unsuitability. The aim of this paper is to examine the behavioral effects of a 
range of plant secondary compounds and then to examine whether measurable 
noxious effects follow ingestion of them, using the acridid Schistocerca amer- 
icana Drury. This species is polyphagous but many native American plants 
tested are quite unacceptable, or become so after the initial meal (Chapman and 
Sward, unpublished). 

METHODS AND MATERIALS 

Stock colonies of Schistocerca americana Drury (Orthoptera: Acrididae) 
were reared in rectangular metal cages of 64 L capacity according to the pro- 
cedures used at the Centre for Overseas Pest Research (Hunter-Jones, 1961). 
Each day, individuals that had newly molted to the sixth instar were removed 
and kept in 8 L cylindrical plexiglass cages in an environment chamber kept at 
L :D ,  12:12 and temperature, 32:28~ They were fed on seedling wheat. 

Behavioral Choice Tests. Chemicals were tested for their deterrence on 
3-day-old sixth instar nymphs by presentation in choice tests on sucrose-impreg- 
nated glass fiber disks, with sucrose-only control disks for 3-4 hr at 30~ 
(Navon and Bernays, 1978). Experiments were also carried out in which the 
chemicals were presented on wheat blades, but the measurements on accept- 
ability were done by relative amounts of leaf area removed in a 5-hr period. 

Chemicals chosen for experiments were expected to be deterrent at some 
concentration. The ten compounds and their commercial sources are listed in 
Table 1. For application to wheat blades, concentrations were made up either 
in water with detergent, in acetone, or in alcohol, such that an appropriate dry 
weight concentration of the desired level was achieved. This was found to vary 
by about 20% around the mean value, which was considered a realistic level of 
variation that could occur naturally. Concentrations tested were at about the 
maximum recorded levels found naturally, and at one fifth of that concentration. 

Performance Tests. To test the potential effects of ingestion of the plant 
secondary compounds, various techniques were employed. For those that had 
no deterrent effect on feeding behavior (tannic acid, coumarin, abeitic acid, and 
carvone), the material was simply added to leaves as described above (Table 1) 
while the controls had solvent-only treated leaves. In each experiment, each 
individual was fed daily on either wheat leaves with an added chemical, or 
control wheat leaves without the chemical. Insects were weighed and selected 
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TABLE 1. COMPOUNDS USED FOR THE TESTS ON BEHAVIOR AND PHYSIOLOGY OF 
Schistocerca americana, AND THE1R SOURCES 

Application method 

Compound Source To leaves To insects 

Phenolics 
Coumarin Eastman Water On leaves 
Umbelliferone Sigma Alcohol s.m. capsule 
Salicin Sigma Water Wax coat 
Tannic acid Sigma Water On leaves 

Alkaloids 
Gramine Sigma Alcohol s.m. capsules 
Nicotine (hydrogen tartrate) Sigma Water s.m. capsules 

Terpenoids 
Carvone Kodak Alcohol On leaves 
Geraniol Kodak Alcohol Cyclodextrin 
Abeitic acid Sigma Alcohol On leaves 
Ursolic acid Sigma Acetone Gelatin microcaps 

for each treatment in such a way that there was considerable overlap in the 
weight range and no significant difference between the test and control groups. 
They were kept individually in 5 L tubs with gauze lids. Conditions were the 
same as for the sorted and aged insects described above. The amounts of  leaf 
material given to each insect each day were approximately of  the same weight 
as the insect. In this way, most or all of  the food was eaten each 24 hr except 

toward the end of  the instar (Bemays, 1990). There were usually at least ten 
test and ten control insects in an experiment.  The insects were weighed daily 
and the dry weight measured after the final ecdysis. The growth rate and effi- 

ciency of  conversion of  ingested food to body mass (ECI) were calculated in 
the usual way (e.g. Scriber, 1978). 

In some cases (umbelliferone, gramine, and nicotine) insects were dosed 
daily using semimicro gelatin capsules prepared as described by Szentesi and 
Bemays (1984). The feeding regime was as described above, but twice daily a 
capsule containing the chemical  under test, or an empty capsule, was inserted 
under the labrum and between the bases of  the mandibles,  from which it was 
swallowed. The amounts of  the chemical in the capsules were calculated to give 
the approximate percentage dry weight of  food assuming all food was eaten 
(Table 2). 

With gemniol,  we attempted to mask the taste by inclusion in betacyclo- 
dextrin, as described by Usher et al. (1989). This appeared to be successful 
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TABLE 2. EFFECTS OF COMPOUNDS ON FEEDING BEHAVIOR OF Schistocerca americana, 
NEAR OR ABOVE THEIR LIKELY MAXIMUM NATURAL CONCENTRATIONS, AND AT ONE- 

FIFTH OF THAT CONCENTRATION a 

Effect on feeding 
Higher concentration 

Compound used (%dw) Disk high Disk low Wheat high 

Phenolics 
Coumarin 1 - (0.06) 0 0 
Umbelliferone 1 - (0.03) b 0 - (0.05) h 
Salicin 1 - (0.05) b 0 - (0.08) 
Tannic acid 5 + (0.06) + (0.01) h "0 

Alkaloids 
Gramine 1 - (0.07) + (0.05) b 0 
Nicotine 1 - (0.05) I' 0 - (0.05) h 

Terpenoids 
Carvone 0.1 + (0.05) b + (0.025) b 0 
Geraniol 0.01 - (0.07) + (0.08) 0 
Abeitic acid 0.1 - (0.08) 0 0 
Ursolic acid 0.1 - (0.07) 0 0 

a + = stimulatory, 0 = no effects, - = deterrent. P values (less than 
based on Wilcoxon's Signed Ranks test. 

b Significant effect. 

the value in parenthesis) 

since no  more  food remained  in the tubs at the end of  each day relative to 

controls .  
Crystals  o f  sal icin and methy lene  blue  dye (mixed together) were wax- 

coated in a simplif ied vers ion of  the f luid-bed Wurs te r  chamber  process (see 

Usher  et al . ,  1989 for details o f  this chamber) .  Crystals  were placed in a hand- 
pul led funne l  made  from glass tub ing  2 cm in d iameter  with a plug of  glass 
wool  at the bot tom. W a r m  air  was fed into the upright  funnel  from below,  and 

this airs tream suspended the particles at a level  somewhat  above the region 

where  the d iameter  expanded  to that o f  the tub ing  which extended about  10 cm 
above.  F r o m  the top of  the tubing ,  a solut ion of  beeswax in chloroform was 

sprayed onto the mov ing  particles us ing  a chromatographic spray. The air  stream 
was cont inued  for about  5 min  and then turned off a l lowing the newly-coated 
particles to fall onto the plug.  Blue color  was not  observed at this stage. W h e n  
the resul t ing wax-coated particles were extracted with chloroform, it was found 
that the sal icin made  up about  10% of  the total weight.  A behavioral  assay was 
used to test deterrency by  g iv ing  individuals  a choice test be tween  wax-coated 

cel lulose and methy lene  blue  crystals,  and  wax-coated sal icin and  methylene  
b lue  crystals,  spread on  sucrose- impregnated filter paper  disks. The concentra-  
t ion was de te rmined  to be approximately  2 % dw. No deterrency was detected 
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and subsequent dissection showed that the dye had been released in the gut. 
Wax-coated particles were tested for post-ingestional effects over the instar by 
spreading them onto leaves using a thin layer of office glue stick material. Coated 
cellulose (a carbohydrate that is not digested) was used as the control. Concen-, 
trations of salicin were approximately 1-3 % dw of the leaf. 

Finally, with ursolic acid, gelatin walled microcapsules were prepared by 
complex coacervation (Thies, 1986). Afterward, these were spread as an 
aqueous slurry onto the wheat leaves and allowed to dry. The difficulty of con- 
trolling the concentration obtained, and of variable levels of agglomeration, 
meant that the amounts ingested probably varied between about 0.1 and 0.5 % 
of the dry weight of the leaf. 

RESULTS AND DISCUSSION 

Eight of the ten compounds deterred feeding at some concentration, 
although in only four cases were there significant effects at concentrations in 
the likely natural range, while three were significantly phagostimulatory at lower 
concentrations (Table 2). In no case was there any significant depression of 
growth rate or efficiency of conversion of food to body mass when insects 
ingested the chemicals over a whole instar (Tables 3 and 4). On the contrary, 
tannic acid and salicin appeared to cause slight increases in growth rates (Table 
3). Similarly, Cottee et al. (1988) found a singular lack of oral toxicity in eight 

TABLE 3. EFFECTS OF INGESTED PLANT SECONDARY COMPOUNDS ON GROWTH RATE OF 

SIXTH INSTAR Schistocerca americana NYMPHS a 

Test Control F P 

Coumarin 13.5(0.2) 13.3(0.2) 1.13 0.3618 
Umbelliferone 13.8(0.2) 14.0(0.3) 1.42 0.2588 
Salicin 14.7(0.2) 13.6(0.3) 4.54 0.0481 ~' 
Tannic acid 14.5(0.2) 13.6(0.3) 4.43 0.0400 h 
Gramine 13.4(0.3) 13.4(0.2 ) 0.66 0.5462 
Nicotine 13.7(0.2) 13.4(0.2) 0.08 0.5611 
Carvone 13.6(0.2) 13.2 (0.3) 0.09 0.6302 
Geraniol 13.5(0.3) 13.6(0.2) 0.93 0.3259 
Abietic acid 14.7(0.3) 14.0(0.3) 1.11 0.4333 
Ursolic acid 14.7(0.3) 14.8(0.3) 0.12 0.5639 

aValues are given in mg dw increase per day, with standard error in parenthesis. F and p values 
are from analyses of  covariance where weight gain is examined in relation to initial weight as well 
as treatment. 

b Significant effects. 
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TABLE 4, EFFECTS OF INGESTED PLANT SECONDARY COMPOUNDS ON ECI OF SIXTH 

INSTAR Schistocerca americana NYMPHS a 

Test Control p 

Coumarin 12.5 (0.4) 12.0 (0.5) NS 
Umbelliferone 13.1 (0.5) 12.6 (0.6) NS 
Salicin 13.3 (0.5) 12.8 (0.4) NS 
Tannic acid 14.1 (0.6) 13.0 (0.4) < 0.05 
Gramine 11.9 (0.6) 12.7 (0.4) NS 
Nicotine 13.3 (0.5) 13.3 (0.4) NS 
Carvone 11.8 (0.4) 12.2 (0.5) NS 
Geraniol 12.0 (0.3) 12.4 (0.4) NS 
Abietic acid 14.5 (0.6) 13.7 (0.5) NS 
Ursolic acid 13.0 (0.5) 14.1 (0.6) NS 

Number in each test and control between 10 and 15. Values are given in percentages with standard 
error in parenthesis. P values are from t-tests. 

plant secondary compounds when tested with the related species, Schistocerca 
gregaria (the desert locust), and Bernays (1990) found no detrimental post- 
ingestive effects of  several deterrents for Locusta migratoria. 

The lack o f  postingestive effects of  the secondary compounds tested pre- 
cluded the establishment of  a meaningful ranking so that correlation analyses 
between deterrence and toxicity were not really possible. Cottee et al. (1988) 
demonstrated a weak correlation between behavioral deterrence of  compounds 
and their toxicity following injection into the hemolymph in t)oth Locusta mig- 
ratoria and Schistocerca gregaria (when this is re-analyzed and Spearmans rank 
correlation done, p < 0.05). On the other hand, when compounds were admin- 
istered by cannulation into the midgut, no correlation was found when deter- 
rence was compared with oral toxicity. 

In a comprehensive study by Harley and Thorsteinson (1967) on another 
polyphagous grasshopper, Melanoplus bivittatus, results with steroids and alka- 
loids also indicate a total lack of  correlation between deterrence and toxicity. 
Interestingly, in that study, care was taken to use plant chemicals occurring in 
the habitat in which the insect occurs. 

Although these experiments were undertaken to examine components of  
fitness, the tests are obviously not definitive. Feeding on such chemicals over 
a lifetime may be detrimental while feeding over one instar is possibly not long 
enough for effects to be seen. However, it might be expected that with below 
optimal levels of  food, additional stresses involved would render insects vul- 
nerable to any deleterious effects of  plant secondary compounds. For example, 
protein shortage may lead to less effective detoxification processes and water 
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shortage to less effective excretion via the Malpighian tubules. Experiments by 

Boys (1981) in which Locusta migratoria was dosed with gramine at several 
concentrations covering the natural range, showed no effects on growth rate, 
fecundity,  or  longevity.  Usher et al. (1989) also found that grindelic acid was 
deterrent to Schistocerca americana, but that when the taste was masked and 
the food eaten, no detrimental effects could be detected. Tannic acid has been 
tested with the related Schistocerca gregaria and also found to have no detri- 
mental effects even when it is ingested at relatively high levels for the whole of  
nymphal life (Bernays et al . ,  1980). 

Perhaps, i f  levels are high enough, detrimental effects would ensue (Cottee 
et al . ,  1988), but there is an interesting possibil i ty that grasshoppers are much 
more highly sensitive behaviorally to plant secondary compounds,  than is 
required for reasonable protection from ingestion of  them. 

From the evolutionary point of  view, a poor correlation between deterrency 
and oral toxicity would indicate that avoidance responses may often have 

evolved under selective pressures unrelated to post-ingestional toxicity.  Simi- 
larly, the tendency toward restriction of  host range observed in insect herbivores 
may be unrelated to their inability to tolerate plant secondary compounds.  Host 
range may be restricted for quite diverse and ecological  reasons rather than for 
mainly physiological  reasons. In such a case, non-host plants may become 
deterrent and unacceptable even when they are chemically suitable for growth 
and development  (Bernays and Chapman,  1987; Bernays and Graham, 1988). 
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