
cotized with 0.1 percent nicotine, after feeding to 
prevent regurgitation or defecation of ingested par- 
ucles, preserved with Formalin, and cleared with 
sodium hypochlorite. All other organisms were 
preserved with mercuric chloride. Crustaceans were 
enumerated in samples obtained by towing 7s-pm 
net four times in the epilirnnion (o to 5 m). At least 
400 animals were counted per tow. At least 50 
rotifers and so protozoans were enumerated in each 
of three integrated whole-water samples drawn with 
a Nalgene tube (inner diameter, 2.5 cm). Bead 

uptake was determined for 8 0  crustaceans, 80 roti- 
fers, so ciliates, and 196 Dinohyon cells. Abundant 
genera were Mesoydops, Daphnia, and Bosmina 
(Crustacea), Conochilw and Keratella (Rotifera), 
and Haltevia (Ciata). The Dinohyon population 
was largely D .  bavaricum with some D. soctale. 
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Diet-Induced Head Allometry Among Foliage- es), and (iii) mature Zea, Bambusa, and 
Cynohn (hard C4 grasses) (4). 

Chewing Insects and Its Importance for Graminivores caterpillars of p. .n+unda were raised - - 

from hatching on one of  the three diets. 

E. A. BERNAYS Relative head masses were measured in the 
final larval instar (5) .  Differences in head 
mass were extreme (Fig. 2); each group was 

Individuals of the grass-feeding caterpillar of Psekletia unt$uncta, reared from significantly different from the others 
hatching on hard grass, had head masses twice as great as those of caterpillars fed soft (P < 0.005, F test on coincidence of lines). 
artificial diet, even though the larvae reached the same body mass. Larvae reared on Caterpillars reared on Triticum seedlings or 
soft wheat seedlings had intermediate head masses. Thus muscular effort increases Zea showed a similar pattern (Table l), 
muscular development in an insect, which in turn has a dramatic morphogenetic effect while heads from the three-diet experiment 
on head size. Size differences in the head capsules, with the correlated differences in showed significant differences in morpho- 
mandibular power, have a direct effect on the ability of the insects to ingest hard foods metrics and in the surface area of attachment 
rapidly: larger heads are adaptive for dealing with hard grasses. of mandibular adductor muscles (Table 2) 

(6). Diet had induced major changes in the 

J AW AND TOOTH ADAPTATIONS ASSOCI- pillars of the noctuid Pseudaletia un$uncta caterpillars during growth. 
ated with grass feeding occur in a nurn- was studied, with some additional experi- Locusta mbratoria larvae were reared on 
ber of animal groups. Most studies of ments on two acridids, Locusta migratovia Poa or Bambusa (7), while C, curtipennix 

grass-feeding specialists among the insects and Chmthippzw curtipennis. The diets were larvae were reared on Triticum or Zea (8). In 
have focused on grasshoppers. Mandibles of (i) artificial (extremely soft), (ii) Poa and both cases insects reared on the harder grass 
grass-specializing grasshoppers show chisel- Triticum seedlings (relatively soft C3 grass- had relatively larger heads, although they 
like incisors and flattened, grooved molar also had lower masses than those reared on 
Cusps, analogous to the adaptations of teeth Table 1. Effect of diet on relative head sk in softer grasses and the exponents were signif- 
in grazing mammals (1). Among caterpil- larvae of P. unipuncta. Values are means + stan- icantly greater in the regression analysis. 
lars, fewer studies have been undertaken, dad errors. Comparison in terms of head mass as a 
although taxonomic studies in the genus Head dry mass percentage of total body mass gave values of 
Spodoptera (2)  show that the grass specialists ~~~~i~~ Num- (percentage of 22 2 1 and 17 ? 2 percent (means k stan- 
have mandibles with chisel-like edges while diet ber total body dard errors) for C. cudpennis reared on Zea 
other species have pointed incisor cusps. In dry mass) and Tritzcum, respectively, and 25 f 2 and 
the study reported here, the allometric con- Experiment 1 21 2 2 percent for L, miyatoria reared on 
sequences of food choice were investigated. TritiCum 20 11.9 + 0. 5 Bambusa and Poa, respectively. 

A total of 82 grasshoppers and 76 cater- Zea 20 14.7 + 1.4 That grasses are difficult to chew is gener- 
pillars collected in North America and Aus- Experiment 2 aUy accepted, the most important feature 

Artificial diet tralia were examined (3). Gut contents were Triticum 
20 
23 

' 0.3 being the parallel arrays of sclerenchyma 12.3 + 0.4 
removed and the body, head, and mandibles cynodon 22 15.6 1.6 fibers (9). In addition, high silica levels are 
of each were dried and weighed. In both presumed to cause wear of cutting and 
groups, grass specialists consistently had a 
greater head mass than other foliage feeders 

body sizes (Fig. l ) .  grass- Table 2. Head morphometrics of fifth-instar larvae of P. unipuncta after rearing on three different diets. 
hoppers the proportionality coefficients Insects were of similar total body mass. Values (means + standard errors) in each column are 
were 0.22 & 0.04 (mean 2 standard error') sigdicantly different from one another (P < 0.005, t-test). 
and 0.12 + 0.04 for grass specialists and 

Mandible base to 
non-grass specialists, respectiveiy, while top of cranium Maximum head Surface area of mandibular 

width (mm) adductor muscle attachments among caterpillars the figures were (mm) to cranium (nun2\ , . , , 
0.15 % 0.04 and 0.04 + 0.03,-indicating a 
much greater difference in the latter group. 2.01 + O.O1 (n = 

Artificial diet 
1.98 + 0.02 (n = 10) 2.8 + 0.3 (n = 5) 

Relative head mass also varies intras~ecifi- 
cally in relation to diet. The effect of diet on Triticum 
head development in the grass-feeding cater- 2.16 + 0.02 (n = 10) 2.15 2 0.01 (n = 10) 3.6 + 0.3 (n = 5) 

Cynodon 
Division of Biological Control, University of California, 2.45 + 0.02 (n = 10) 2.43 2 0.02 (n = 10) 4.6 2 0.6 (n = 5) 
Berkeley 94720. 
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Experiment 2 
Triticum 1.12 2 0.08 432 + 19 
Zea 1.32 + 0.12* 398 + 20 

Table 3. Feeding rates of mid-fifth-instar caterpil- larval life, problems may be encountered 
lars of P. un+uncta from different diets when at least temporarily, ~ d d i ~ i ~ ~ ~ l  genetic - 

0.7 given a test meal the hard C~nodon. changes are being investigated, since some 5 

rnitial insect insects reared for many generations on artifi- Rearing Intake rate E diet (mglmin) mass (mg) cial diet have been reported to be poor at 
feeding on natural foliage (15). 3 0.5 

Experiment 1 z 
409 + 8 From the taxonomic point of view, the g Triticum 0.86 + 0.1 -1 

Zea 1.19 + 0.05* 40 j + 17 morphometric differences due to hardness of 

*Sigtuficantly different from corresponding value for 
Triticum (P < 0.01, Wilcoxon's test). 

- 
a .  4 . .  . 

? - *  
f ** " 6 

- " . . e : . 
L O  0 . .  

grinding surfaces. Grass-chewing insects 
must make incisions and must chop or grind 
to aid in the extraction of nutrients (1 0). 

Head mass in turn was found to be closely 
related to mandible mass. irres~ective of 
taxon or feeding habit, as illustrGed by the 
overall allometric equation Mm = 
0.1(+0.008)Mh''03 (n = 179) (? = 0.88), 
where Mm is mandibular mass and Mh is 
head mass (both in milligrams). This may be 
ex~ected. since the mandibular adductor 
muscles occupy most of the head space in 
chewing insects ( l l ) ,  and the greater head 
development results from larger mandibles 
and mandibular adductors. 

The harder, tougher grass blades are also 
likely to be lowest in nutrient content (lo), 
so the insects feeding on them not only have 
the physical problem, but also need to pro- 
cess it more extensively than softer grass. 
Intake rates should be optimized since feed- 
ing activity seriously increases risk (12). To 
ascertain the adaptive value of larger heads, 
feeding rates were measured. Pseuddetia un- 
ipuncta larvae were reared on Triticum or 
Zea, and in the mid-fifth instar were de- 
prived of food for 18 hours before receiving 
a test meal of Cynohn (13). The insects that 
had been reared on the hard grass had 
significantly higher rates of intake (Table 3). 

In insects chewing grass, head mass is 
approximately doubled and averages an ad- 
ditional 8 to 10 percent of total body mass 
both across and within species. If the food is 
also relatively low in protein, as is often the 
case, it is difficult to process adequate quan- 
tities. At some point, increasing hardness 
and low nutrients make feeding on such 
materials subject to a law of diminishing 
returns, as suggested by the results with the 
grasshoppers feeding on Zea and Bambusa. 
Thus increased throughput of food to make 
up for poor quality (14) may result in 
stunted adults. Even for grass specialists, 
certain grasses would seem unsuitable. 

The relaxation of maximum head develop- 
ment in P. unipuncta on artificial diet was 
pronounced. If the insects are forced to 
move from a soft diet to a hard one during 

diet may need to be examined further. 
Among locusts, some morphometric phase 
differences have been attributed to different 
activity levels (16), and gregarious forms 
that eat more also have relatively large heads 

Log body mass (mg) 

Fig. 2. Relation between dry head mass and total 
dry body mass in fifth-instar caterpillars of P. 
untwncta reared from hatchine on three different 

(17 .  die&. The ecluation of the linevfor Triticum (@) is 
?;he environmental variance components 

of morphology in invertebrates have re- 
ceived relatively little attention. For exam- 
ple, analogous effects of diet on growth of 
masticatory muscles in mammals have been 
known for years (18). An increase in muscle 
size with work is not surprising, but it has 
not, to our knowledge, been studied in 
insects. Even during an instar, muscle 
growth inside the head capsule, which is 
unexpandable, must be continuing at the 
exDense of air sac mace: there must also be 

L ,  

an effect on the epidermis, resulting in in- 
creased cuticle production. Additional cuti- 
cle may be laid down in the same instar to 
increase thickness, but there must be a large 
increase in the cuticle of the developing 
pharate instar to allow for the formation of a 
considerably larger head. It is also possible 
that additional instars occur. Further re- 

Log bodv mass (mg) 

Fig. 1. Relation between dry head mass and total 
dry body mass in grass specialists and other 
foliage feeders among grasshoppers and caterpil- 
lars. The equation of the line for grasshopper 
grass specialists is y = -0.65(*0.09) + 0.97 
(50.15)x, ? = 0.95, n = 56; for grasshoppers 
w~th  other diets, y = -0.92(&0.11) + 0.97 
(f 0.14)x, ? = 0.96, n = 57; for caterpillar grass 
s ecialists, y = -0.83(?0.23) + 0.86(+0.16)x, P = 0.64, n = 17; and for caterpillars feeding on 
other herbaceous plants, y = - 1.37(+-0.09) + 
0.84(+0.06)x, ? = 0.76, n = 56. 

y = -0.oo~jr0.0005) + 0.365(+0.035)x;? = 
0.82; for Cynadon 0), y = 0.058(?0.009) + 
0.389(+0.065)~, > = 0.62; and for artifi- 
cial diet (*), y = -0.019(*0.001) + 0.306 
(20.344)x, ? = 0.8. 

search is needed on the manner in which 
muscular activity influences the size of cutic- 
ular structures, particularly since it may be 
important for all cuticular structures and not 
just for the head. 
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Presence of Nonoxidative Ethanol Metabolism in 
Human Organs Commonly Damaged by Ethanol Abuse 

Acetaldehyde, the end product of oxidative ethanol metabolism, contributes to 
alcohol-induced disease in the liver, but cannot account for damage in organs such as 
the pancreas, heart, or brain, where oxidative metabolism is minimal or absent; nor can 
it account for the varied patterns of organ damage found in chronic alcoholics. Thus 
other biochemical mediators may be important in the pathogenesis of alcohol-induced 
organ damage. Many human organs were found to metabolize ethanol through a 
recently described nonoxidative pathway to form fatty acid ethyl esters. Organs lacking 
oxidative alcohol metabolism yet frequently damaged by ethanol abuse have high fatty 
acid ethyl ester synthetic activities and show substantial transient accumulations of 
fatty acid ethyl esters. Thus nonoxidative ethanol metabolism in addition to the 
oxidative pathway may be important in the pathophysiology of ethanol-induced 
disease in humans. 

T HERE ARE OVER 10 MILLION ALCO- holics in the United States, costing 
the economy $60 billion annually 

(1 ), but no generally accepted mechanism 
has been proposed that accounts for the 
propensity of certain individuals to drink to 
excess or to develop alcohol-related damage 
to organs. Recent studies demonstrated the 
existence of a heritable predisposition to 
abuse alcohol ( 5 3 ) .  Because altered rates of 
acetaldehyde synthesis or degradation could 
explain this genetic component to alcohol 
dependency and organ damage, genetic 
analyses of the oxidative metabolism of etha- 
nol to acetaldehyde (4-6) have been con- 
ducted. 

It remains unclear why organs other than 
the liver develop alcohol-induced damage, 
especially the heart, pancreas, and brain, 
which lack or show minimal oxidative me- 
tabolism of ethanol and therefore are free of 
substantial acetaldehyde production (7-9). 
Moreover, selectivity of organ damage, such 
as the occurrence of alcohol-induced cardio- 
myopathy in the absence of liver or pancre- 
atic disease (lo), is difficult to understand 
because the extrahepatic organs damaged by 
ethanol are perfised with blood containing 
similar concentrations of acetaldehyde de- 
rived from the liver (1 1). Selective damage 

Cardiovascular Division at Jewish Hospital, Washington 
University School of Medicine, St. Louis, MO 63110. 

to organs that lack oxidative alcohol metab- 
olism, therefore, suggests that mechanisms 
of alcohol-induced injury exist that are in- 
trinsic to extrahepatic brgans themselves. 
This is true especially since a genetic compo- 
nent for such organ injury has been ob- 
served in, for example, the brain (2, 12, 13). 
We report that ethanol is metabolized to 

Table 1. Fatty acid ethyl ester synthesis by human 
organs. Tissue was obtained at autopsy from 
control subjects, homogenized (10 percent, 
weight to volume) in 50 mM tris-HC1 (pH 8), 
and incubated with [14C]oleate (20,000 
dpmlnmol; final concentration, 0.4 mM) and 
ethanol (final concentration, 200 mM) (16) for 
60 minutes at 37°C. After addition of ethyl 
['Hloleate as a yield marker and ethyl oleate as a 
carrier, lipids were extracted with acetone and 
ethyl [14C]oleate, the end product, was quantitat- 
ed after thin-layer chromatography by scintilla- 
tion spectrometry. Values are means +. standard 
errors. 

Organ 

Ethvl oleate 

n (nmol prbduced g- I 

hour- 

Pancreas 5 
Liver 5 
Adipose 3 
Heart 6 
Brain (cerebral cortex) 4 
Skeletal muscle 3 
Aorta 3 
Buffer 5 

fatty acid ethyl esters in many human or- 
gans. This finding suggests a role for nonox- 
idative ethanol metabolism in the develop- 
ment of damage to these organs. 

For fatty acid ethyl ester isolation and gas 
chromatographic quantitation (14) in hu- 
man organs, samples of heart (left ventricle), 
adipose tissue (abdominal panniculus), liver, 
pancreas, thoracic aorta, psoas muscle, cere- 
bral cortex, cerebellum, and testes were ob- 
tained postmortem, with the addition of 
vitreous humor, kidney, and thyroid in 
some cases. A total of 175 organs were 
sampled from 20 randomly selected sub- 
jects. 

The distribution of fatty acid ethyl esters 
reflected the type of ethanol exposure (Fig. 
1). In acutely intoxicated subjects (n = 6), 
the concentrations of fatty acid ethyl esters 
were sipficantly higher than in controls in 
pancreas, liver, heart, and adipose tissue. 
Chronic alcoholics (n = 4) with undetect- 
able blood alcohol concentrations had high 
fatty acid ethyl ester concentrations only in 
adipose tissue. Fatty acid ethyl esters were 
also detected in lower concentrations in 
some control subjects (n = lo), a finding 
probably due to social d r i i g  within sev- 
eral days of death. Although high concentra- 
tions of fatty acid ethyl esters were present in 
adipose tissue in acutely and chronically 
intoxicated subjects, differences in the adi- 
pose content of the parenchymal organs, as 
reflected by fat vacuoles, were not responsi- 
ble for the differences in the concentration 
of these esters between groups. 

Of the parenchymal organs in acutely 
intoxicated subjects, fatty acid ethyl esters 
were most abundant in the pancreas, liver, 
heart, and brain (both cerebellum and cere- 
bral cortex) (175, 121, 37, and 25 nmol/g, 
respectively), all target organs of ethanol- 
induced disease (Fig. 1). Lesser concentra- 
tions were found in the aorta, skeletal mus- 
cle, and testes (18, 13, and 15 nmol/g); the 
esters were absent in the thyroid, vitreous, 
and kidney. A typical gas chromatogram 
disclosed ethyl esters of palmitate, palmit- 
oleate, stearate, oleate, linoleate, and arachi- 
donate (Fig. 2). Moreover, in the acutely 
intoxicated and control groups, increasing 
blood alcohol concentration was linearly 
related to increasing fatty acid ethyl ester 
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