
pensions was done in a Balzers BA 360 M 
apparatus, as described by Moor (8). Ex- 
amination of the carbon replicas of the sur- 
faces was by an AEI-6B and a Siemens 101 
electron microscope. 

Replicas of surfaces of lamellae of nev- 
er-dried, freeze-fractured pellicles from 
both species of bacteria which produce cel- 
lulose show little evidence of the character- 
istic microfibrillar morphology (Fig. 1A). 
Instead, a lamella is composed of broad 
strands (frequently 30 to 40 nm in diame- 
ter, as opposed to the 10- to 12-nm micro- 
fibrils revealed by other techniques) of an 
amorphous material within which there is 
sometimes a core. In some parts of the pel- 
licle there is no perceptible evidence for 
cores, only a mass of strands, but both core 
and sheath are readily perceived when the 
strands are pulled apart (Fig. IA). In other 
areas, the cores may extend hundreds of 
nanometers. When strands are broken by 
fracturing, the replicas show that the ends 
of the cores often extend above the sheath 
and that there is a visible separation be- 
tween the material of the sheath and the 
surrounding ice (Fig. I B). A sheath and its 
core may be seen attached to or apparently 
extending from a bacterial cell incubated 
for 10 or 20 minutes (Fig. IC). Sometimes 
the proximal tip can be seen within a frac- 
ture plane of the bacterial cell envelope, 
and sometimes this tip extends into the ex- 
ternal milieu from a protrusion on the sur- 
face of the cell wall (Fig. 1D). Some 
strands intimately associated with freshly 
incubated bacterial cells have a diameter 
of almost 100 nm. The discreteness of the 
sheath (and its core) is made particularly 
visible when extended etching of the frac- 
ture surface leaves the sheath partially ele- 
vated above the surface of its ice matrix 
(Fig. 1C). 

Replicas of the fracture surfaces of pel- 
licles dried before freezing show micro- 
fibrils one-fourth to one-third as wide as 
the strands in the never-dried pellicles (Fig. 
IE). There is little evidence for the strands 
found in never-dried pellicles. Instead, 
these replicas suggest an interlacing, felt- 
like structure of discrete threads similar to 
those recognized previously (4). In brief, 
the process of drying (which was applied to 
all previously examined specimens) con- 
verted the strands from a broader, uncon- 
solidated form to a smaller, more con- 
densed thread. 

Because there is no evidence of extra- 
cellular, fibrillar material other than cellu- 
lose in cultures of either bacterium, it is 
reasonable to assume that the observed 
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strands in the lamellae of the pellicles or in 
the suspensions of cells are a form of nas- 
cent cellulose microfibril, hitherto unrec- 
ognized. With this assumption, a strand 
consisting of a sheath of amorphous gel 
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about a central core is an initial stage in 
the formation of the microfibril: this stage 
is physically altered by drying or chemical 
digestion of the film. Details of the process 
are unknown but it is plausible to suppose 
that water molecules are progressively re- 
moved from between the polyglucan 
chains, allowing the chains to associate ir- 
reversibly and to form the entity that has 
been recognized as the cellulose microfibril 
for at least 25 years (4). Even when drying 
or digestion does not occur, this associa- 
tion may take place slowly, leading to for- 
mation of a consolidated fibril which be- 
comes the standard microfibril. The pres- 
ence of such an early, unconsolidated 
sheath is consistent with the notion of in- 
termediate, transient polymers in the bio- 
synthesis of cellulose (5, 6), with the sug- 
gestion of multiple, glucan-synthetase ac- 
tivities (9), and with earlier, indirect infer- 
ences about hydration of cellulose (4, p. 
61). 

The presence of the sheath does pose ad- 
ditional problems of microfibril genesis be- 
cause if the sheath were simply a cellulose- 
water gel, past experience suggests that the 
dried material would adopt the cellulose II 
lattice. If small cellulose I aggregates were 
already present these might assemble to 
give a cellulose I microfibril. However, 
there is as yet no evidence in the core or 
sheath for the crystalline, elementary fi- 
brils which have been postulated from x- 
ray diffraction or electron microscope in- 
vestigations (10). 

Nonetheless, irrespective of molecular 
interpretations in detail, the presence of a 
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The relationship between incisor mor- 
phology and diet has been investigated in 
both African apes and baboons (1). Within 
these two groups of primates, the more 
frugivorous forms (Pan and Papio) tend to 
have larger incisors than the more foliv- 
orous or graminivorous forms (Gorilla 
and Theropithecus). The adaptive signifi- 
cance of this finding is thought to be re- 
lated to differential tooth use. Extensive in- 
cisal preparation prior to mastication (cut- 
ting, tearing, or pulping of food objects be- 
fore chewing them with the postcanine 
teeth) ordinarily is not necessary for 
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leaves, stems, berries, grasses, seeds, buds, 
or flowers; however, it is necessary when 
ingesting large, tough-skinned fruits. The 
increased frequency and duration of incisal 
preparation in both Pan and Papio causes 
increased amounts of attrition and abra- 
sion of the anterior dentition, and there- 
fore their enlarged incisors represent an 
adaptive response to delay dental obsoles- 
cence under these conditions. Accordingly, 
anthropoids whose diets consist primarily 
of large, tough fruits should have larger in- 
cisors than anthropoids which eat leaves, 
grass, or berries. The purpose of this study 
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Incisor Size and Diet in Anthropoids with 

Special Reference to Cercopithecidae 

Abstract. In 57 species of anthropoids relative size of incisors is highly correlated with 
diet. Anthropoids that feed primarily on large food objects (large fruits) have larger in- 
cisors than those that feed on smaller food objects (berries or leaves). This difference re- 
flects a need for more extensive incisal preparation of larger food objects before mastica- 
tion. Extensive incisal preparation causes increased tooth wear; therefore, enlarged in- 
cisors are probably an adaptive response to increase their wear potential. 
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is to test the expected relationship between 
diet and size of the anterior dentition 
among anthropoid primates. 

I analyzed 553 anthropoid skulls from 
the British Museum, the Mus6e Royal de 
l'Afrique Centrale, the Field Museum of 
Natural History, the American Museum 
of Natural History, and the United States 
National Museum. This sample comprises 
57 species representing all catarrhine gen- 
era and subgenera (2). Only two species of 
platyrrhines, representing two genera 
(Alouatta and Saimiri), were examined. 
When possible, each taxon sampled was 
represented by at least five males and five 
females. Individuals with extensive incisor 
tooth wear were not included in this study. 
Two measurements were taken on each 
skull: the maximum linear distance be- 
tween the distal cemento-enamel junction 
of the left and right lateral upper incisors, 
and a similarly measured distance between 
the lateral lower incisors. These measure- 
ments are estimates of the length of the in- 
cisal cutting edge and the wear poten- 
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tial (size) of the maxillary and mandibular 
incisal tooth rows. For each species stud- 
ied, the mean values of these two measure- 
ments were analyzed relative to mean body 
mass (3). The natural logs of both the in- 
cisal width mean values and the body 
weight mean values were plotted against 
one another. Regression lines, with body 
weight acting as the independent variable, 
were fitted by the method of least squares 
(4). Males and females were analyzed sep- 
arately. 

As is shown in Fig. 1, there is a near sep- 
aration of colobines from cercopithecines; 
most colobines fall below the regression 
line while most cercopithecines fall above 
it. Thus, relative to body size, the leaf-eat- 
ing colobines have smaller incisors than 
the more frugivorous cercopithecines. 
(This generalization holds even when 
colobine mean body weights are reduced 
25 percent to compensate for possible 
stomach contents.) There are, however, 
several cercopithecine data points that fall 
within or near the colobine range. The 
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Fig. 1. A plot of mean body mass versus width of the maxillary incisor tooth row for all male anthro- 
poids examined. Numbers in parentheses indicate the number of animals. Numbers preceding each 
species are keyed to numbers in the plot. Cercopithecines (closed circles): 1, Cercopithecus po- 
gonias (4); 2, Cercopithecus denti (5); 3, Cercopithecus cephus (5); 4, Macaca fascicularis (5); 5, 
Cercopithecus nictitans (5); 6, Macaca cyclopis (4); 7, Macaca mulatta (5); 8, Macaca nigra (5); 9, 
Cercocebus albigena (7); 10, Macaca maura hecki (4); 11, Cercocebus torquatus (5); 12, Macaca syl- 
vana (4); 13, Macaca speciosa (4); 14, Macaca nemestrina (5); 15, Papio hamadryas (6); 16, Man- 
drillus sphinx (6); 17, Mandrillus leucophaeus (4); 18, Papio anubis (4); 19, Papio cynocephalus (1); 
20, Papio ursinus (10); 21, Theropithecus gelada (5); 22, Macaca fuscata (4); 23, Erythrocebus patas 
(7); 24, Cercopithecus mitis (5); 25, Cercopithecus Ihoesti (4); 26, Cercopithecus ascanius (5); 27, 
Cercopithecus aethiops (6); 28, Allenopithecus nigroviridis (7); 29, Cercopithecus neglectus (5); 30, 
Cercopithecus hamlyni (5); 31, Miopithecus talapoin (6). Colobines (open circles): 32, Procolo- 
bus verus (5); 33, Presbytis frontatus (4); 34, Presbytis aygula (5); 35, Presbytis rubicundus (5); 36, 
Presbytis potenziani (5); 37, Presbytis cristatus (5); 38, Simias concolor (5); 39, Presbytis senex (3); 
40, Presbytis obscurus (4); 41, Colobus angolensis (5); 42, Presbytisjohni (5); 43, Colobus badius (7); 
44, Pygathrix nemaeus (5); 45, Presbytis entellus entellus (5); 46, Colobus guereza (5); 47, Rhino- 
pithecus roxellanae (4); 48, Presbytis entellus achilles (4); 49, Nasalis larvatus (5). Ceboids (C): 
50, Saimiri sciureus (5); 51, Alouatta villosa (5). Hominoids (H): 52, Symphalangus syndactylus 
(5); 53, Hylobates moloch (5); 54, Pan troglydytes (5); 55, Pongo pygmaeus (5); 56, Gorilla gorilla 
(5); 57, Homo sapiens (5). 
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gelada baboon (Theropithecus), a terres- 
trial primate that feeds primarily on 
grasses (5), falls among the leaf-eating col- 
obines. As noted by Jolly, small incisor 
size in this species may be related to its 
habit of feeding on small objects, and to 
the rather infrequent use of its incisors for 
food preparation (1). The patas monkey 
(Erythrocebus), another predominantly 
grass-eating terrestrial primate, also has 
relatively small incisors. Although this pri- 
mate does eat small fruits and berries it ig- 
nores the large, tough, sausage-shaped 
fruit of Kigelia aethiopica, a fruit that is 
commonly eaten by sympatric populations 
of Papio (6). Like Theropithecus, Erythro- 
cebus normally eats objects so small as to 
require relatively little incisal preparation. 

The only Asiatic cercopithecine to fall 
below the regression line is the Japanese 
macaque, Macaca fuscata. For many 
months of the year it subsists almost exclu- 
sively on bark, leaves, buds, twigs, roots, 
berries, and even lichen (7). Again, al- 
though this animal eats some fruit, the 
bulk of its diet consists of food objects that 
probably require little incisal preparation. 
The remaining cercopithecines that fall be- 
low the regression line are Allenopithecus 
and several species of Cercopithecus. The 
Cercopithecus species are C. neglectus, C. 
mitis, C. hamlyni, and C. Ihoesti. As seen 
in Fig. 1, the last two species have very 
small incisors. Unfortunately, very little is 
known about their ecology. Cercopithecus 
Ihoesti is said to include fruit, berries, and 
leaves in its diet (8, 9). There is no dietary 
information about the owl monkey, C. 
hamlyni. The blue monkey, C. mitis, in ad- 
dition to eating fruits and bamboo shoots, 
is said to include a large amount of leaves 
in its diet (10). Very little is known about 
the ecology of either Allenopithecus or C. 
neglectus. Stomach contents and observa- 
tions on a small number of animals suggest 
that the diet of C. neglectus consists of 
both leaves and fruit (11). Pournelle states 
that Allenopithecus eats snails, shrimp, 
fish, insect larvae, nuts, and fruit (12). 

Relative to body size, Miopithecus, Cer- 
copithecus cephus, Macaca fascicularis, 
Cercocebus albigena, Macaca nigra, Ma- 
caca nemestrina, and Papio have very large 
incisors (they fall well above the regression 
line in Fig. 1). Although not shown in Fig. 
1, Macaca silenus females have extremely 
large incisors. (No males were sampled.) 
Miopithecus, Cercopithecus ceph us, Cero- 
cebus albigena, Macaca fascicularis, and 
Macaca nemestrina apparently eat large 
quantities of fruit (8, 13). Very little is 
known about the diet of Macaca nigra. 
Macaca silenus is said to eat fruits, flow- 
ers, nuts, and buds, but its favorite food is 
the unripe nut of a chestnut-like fruit (spe- 
cies unknown) (14). Using both teeth and 
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hands the animal apparently takes about 
10 minutes to crack open these unripe nuts. 
Many of the above primates with large in- 
cisors are known to be highly frugivorous. 
For many (possibly all) of them, the fruits 
eaten require extensive amounts of incisal 
preparation. 

As seen in Fig. 1, the various species (or 
subspecies) of Papio also have relatively 
large incisors. Although a few populations 
of Papio are said to be highly folivorous or 
graminivorous (15), when ecological condi- 
tions permit, Papio includes a large 
amount of fruit in its diet (16). Jolly notes 
that these fruits often require extensive in- 
cisal preparation (1). In addition to food 
object size, another factor that probably 
affects the amount of incisor tooth wear is 
the inclusion of dietary grit. Presumably, a 
terrestrial animal that selects food objects 
from the ground ingests more grit than an 
animal that selects the same food object di- 
rectly from a tree or shrub. An increase in 
the amount of dietary grit would have the 
effect of increasing the amount of tooth 
wear. The inclusion of large amounts of 
grit (from both roots and fallen fruit) 
might in part explain why various Papio 
populations have such large incisors. For 
example, Papio anubis often pulls grass 
rhizomes from the ground with its incisors, 
unlike sympatric populations of Thero- 
pithecus that pull these same rhizomes out 
with their hands (5). 

Drills and mandrills also have relatively 
large incisors, that is, they fall well above 
the regression line in Fig. 1. Unfortunately 
very little is known about their dietary 
habits. It has been suggested that the fru- 
givorous Mandrillus has larger incisors 
than Papio, and also that incisor size in 
Papio hamadryas is intermediate between 
Theropithecus and other populations of 
Papio (17). Neither of these observations is 
supported by these data. 

Unfortunately the diets of many colo- 
bines are not well known. However, it has 
recently become apparent that the diets of 
certain sympatric colobines differ in the 
percentage of leaves and fruits ingested. 
Populations of Colobus badius include a 
larger percentage of fruit in their diet than 
do sympatric populations of Colobus 
guereza (18). Similarly, Presbytis entellus 
is more frugivorous than Presbytis senex 
(or Presbytis johni) (19). In both of these 
groups, the more frugivorous of the two 
has the larger incisors (see Fig. 1). 

On the basis of the relation between in- 
cisor size and diet, certain dietary predic- 
tions can be made. It is hypothesized that, 
compared to those Cercopithecus species 
that fall above the regression line, the diet 
of C. hamlyni, C. mitis, and C. Ihoesti (and 
possibly also Allenopithecus and C. ne- 
glectus) consists of food objects that re- 
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quire relatively little incisal preparation. 
The fact that Allenopithecus has incipient 
sacculation of the stomach (20) takes on 
additional interest here, because this type 
of visceral specialization is usually present 
only in folivorous primates. Of the sympat- 
ric colobines found on the Mentawi 
Islands, Presbytis potenziani is probably 
more frugivorous than Simias concolor. 
There are several colobine species on 
Borneo that are also sympatric in portions 
of their range. Unfortunately, except for 
Nasalis larvatus, little is known of their 
diets. Judging from incisor dimensions, 
Presbytis frontatus is probably much more 
frugivorous than the highly folivorous Na- 
salis larvatus (21), and Presbytis rubicunda 
and Presbytis aygula are probably dieteti- 
cally intermediate between these two 
forms. The olive colobus, Procolobus 
verus, falls slightly above the regression 
line. On the basis of incisor size, one would 
predict that this colobine takes into its 
diet at least as much fruit as Colobus 
badius. Stomach contents of 33 specimens, 
however, revealed only leaves and a few 
flowers (22). It is possible that these ani- 
mals were collected at a time of the year 
when few if any fruits were available. 

In addition to presenting data for cerco- 
pithecids, Fig. 1 also includes data for 
hominoid and the two ceboid genera. 
Among the ceboids and hylobatids, Alou- 
atta and Symphalangus have a more foliv- 
orous diet than Saimiri and Hylobates, re- 
spectively (23). These dietary preferences 
are reflected in the size of the anterior den- 
tition, as seen in Fig. 1. The frugivorous 
forms have larger incisors than the more 
folivorous forms. 

Of the remaining primates, the chim- 
panzee (Pan) is highly frugivorous, the 
orang (Pongo) is both frugivorous and fo- 
livorous (depending on the season), and the 
gorilla (Gorilla) is highly folivorous (24). 
The diet of Homo, of course, varies consid- 
erably from one population to the next. As 
expected, Pan falls well above the regres- 
sion line, Gorilla falls below it, and Pongo, 
although located above the line, is posi- 
tioned intermediate to Pan and Gorilla. 
Homo, like Gorilla, falls below the line; 
but, unlike that of Gorilla, the diet of 
Homo is not highly folivorous. The rela- 
tively small incisors in Homo are probably 
related to food preparation techniques that 
result in less incisal preparation of foods. 
This particular population of Homo sa- 
piens is apparently from India. If the in- 
cisor tooth row of Australian aboriginals 
or Europeans had been measured in con- 
structing Fig. 1, these populations would 
fall closer to and farther from the regres- 
sion line, respectively. However, it is 
doubtful whether any human population 
would closely approach the line. 

An identical analysis of female anthro- 
poids yielded essentially the same results; 
that is, the scattering of data points around 
the regression lines exhibited the male pat- 
tern. The analysis of the mandibular denti- 
tion also exhibited a similar pattern in both 
males and females. An analysis of both in- 
cisor and molar morphology among pri- 
mates has been described (25). Indepen- 
dent studies on molar morphology and diet 
in primates by Kay have yielded remark- 
ably similar results in both the correlation 
between morphology and known diet, and 
in dietary predictions for various cerco- 
pithecoids (26). In conclusion, Jolly's origi- 
nal observation on the relation between 
diet and incisor morphology in African 
apes and baboons appears to hold for all 
catarrhines and the two sampled platyr- 
rhines. 

WILLIAM L. HYLANDER 
Departments of Anatomy and 
Anthropology, Duke University, 
Durham, North Carolina 27710 
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Micellar solubilization is an essential 
step in the biliary secretion and efficient in- 
testinal absorption of endogenous and diet- 
ary lipids (1). In vertebrates aqueous solu- 
bility of lipids is enhanced by mixed mi- 
celle formation with bile salts, a family of 
steroidal hepatobiliary detergents derived 
from cholesterol (2). The formation in bile 
of mixed micelles of bile salts with phos- 
pholipids and cholesterol promotes the ex- 
cretion of these otherwise insoluble lipids. 
Similarly, the formation in the intestine of 
mixed micelles of bile salts with fatty 
acids, monoglycerides, and cholesterol 
augments the solution concentration of 
these luminal lipids and thus promotes 
their absorption from the gut (3). 

Less is known about the intestinal ab- 
sorption of essential lipid in subvertebrate 

Fig. 1. Photomicrograph of phases observed 
during flooding of DST with water (crossed ni- 
cols; (x 55) 23?C. Phases: (1) Neat phase; (2) 
viscous isotropic phase (cubic); (3) middle phase 
texture (cloudy); (4) isotropic solution. This 
photograph demonstrates the microscopic 
textural appearances of DST as progressive hy- 
dration occurs. A small quantity of crystalline 
DST was placed between slide and cover slip, 
and a drop of water at pH 6.8 was added. The 
changes in the preparation were observed within 
a few seconds of hydration. As the water comes 
in contact with the sample, a water gradient is 
created with the outer border being the most 
hydrated and the center of the preparation re- 
maining dry. Zones in between contain more 
and more water as one approaches the outside 
border. This simple method is helpful in deter- 
mining the number and texture of the phases 
found in a detergent water mixture, provided 
the ambient temperature is above the critical 
micellar or penetration temperature of the 
detergent (17). 
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species (4). While the cholesterol concen- 
trations of crustacean tissues are among 
the highest recorded for animals (5), Crus- 
tacea, like many other arthropods, are in- 
capable of cholesterol synthesis from non- 
steroidal precursors, such as acetate and 
mevalonate (6). Also, some marine in- 
vertebrates contain a wide variety of ster- 
ols in addition to cholesterol (7). We there- 
fore propose that the sterols of crustacean 
tissue are derived from the diet. Since diet- 
ary sterols are largely insoluble in water, it 
seemed reasonable, by analogy to verte- 
brate physiology, to seek a mechanism 
for sterol solubilization in the crustacean 
intestine. The crustacean hepatopancreas, 
unlike the vertebrate liver, is incapable of 
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bile salt synthesis (8) although enzyme sys- 
tems capable of catalyzing the conversion 
of phytosterols to cholesterol and of cho- 
lesterol to a variety of steroid hormones 
are present (9). However, a mixture of 
straight-chain fatty acid detergents con- 
taining predominantly cis-dodec-5-enoic 
acid conjugated with the dipeptide sarco- 
syltaurine has been isolated from crusta- 
cean (Cancer spp.) gut contents (10). These 
detergents have been shown to be synthe- 
sized endogenously from acetate (11) and 
have been assumed to aid lipolysis by play- 
ing a role in the intestinal emulsification of 
dietary fat (12). 

We hypothesize that crustacean deter- 
gent is essential for the intestinal micelliza- 
tion of endogenous and ingested sterols 
and thus permits their efficient solubiliza- 
tion and absorption. In order to examine 
this possibility we have studied the inter- 
actions between the sodium salt of N-(N- 
dodecanoylsarcosyl)taurine (DST), a rep- 
resentative model for the class of crusta- 
cean detergents, and cholesterol in water. 
For this purpose, a mixed anhydride of the 
benzyloxycarbonyl derivative of sarcosine 
was reacted with taurine, and, after remov- 
al of the blocking group and crystallization 
from ethanol, the resultant sarcosyltaurine 
was reacted with dodecanoic acid (13). The 
synthesized product was purified by re- 
versed-phase column chromatography, 
and no traces of dodecanoic acid, sar- 
cosine, taurine, or sarcosyltaurine were 
discovered by thin-layer chromatography 
(TLC), proton titration, or amino acid 
analysis. The melting point of the sodium 
salt of DST was 190? to 192?C. The critical 
micellar temperature (14) was below 0?C, 
as indicated by the fact that a 1 percent so- 
lution showed no trace of turbidity on pro- 
longed cooling (0?C). The apparent pK (by 
titration with HC1, 1 percent solution) was 
2.2 (15). DST exhibited lyotropic mes- 
omorphism (liquid crystalline phases) 
comparable to that demonstrated by soaps 
and synthetic straight-chain detergents 
(16). Polarizing microscopy (17) revealed 
that, upon hydration of dry samples of 
DST, alternating sharply delineated, tex- 
turally characteristic, birefringent and iso- 
tropic bands corresponding to crystalline 
hydrates, neat (possibly lamellar), viscous 
isotropic (cubic), and middle (possibly 
hexagonal) liquid crystalline phases, and a 
micellar phase were demonstrable at in- 
creasing distance from the unhydrated ma- 
terial (Fig. 1). 

Cholesterol solubilization by DST mi- 
cellar solutions was demonstrated in bi- 
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Cholesterol solubilization by DST mi- 
cellar solutions was demonstrated in bi- 
nary mixtures in an excess of aqueous sol- 
vent (Fig. 2). At concentrations of 20 mM 
DST or less, there was no solubilization of 
cholesterol. Increasing amounts of choles- 
terol were solubilized at concentrations of 
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Crustacean Intestinal Detergent Promotes Sterol Solubilization 

Abstract. Although crustacean tissue cholesterol content is high, Crustacea, like other 
arthropods, are incapable of cholesterol synthesis, and presumably are dependent for 
maintaining tissue cholesterol stores on the intestinal absorption of ingested sterol. A de- 
tergent, N-(N-dodecanoylsarcosyl)taurine, representative of a set of detergents synthe- 
sized by the crustacean hepatopancreas and secreted into the intestine, is capable of effi- 
cient cholesterol solubilization, and thus of promoting sterol absorption. 
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