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The cuticle of the free-living nematode Caenwhabditis elegans is a proteinaceous extracellular structure that is 
replaced at each of four postembryonic molts by the underlying hypodermis. The cuticles of the adult and three juvenile 
stages (Ll, Dauer larva, L4) have been compared ultrastructurally and biochemically. Each cuticle has an annulated 
surface and comprises two main layers, an inner basal layer and an outer cortical layer. The adult cuticle has an 
additional clear layer which separates the basal and cortical layers and is traversed by regularly arranged columns 
of electron-dense material. The fine structure of the cortical layer is similar in cuticles from different stages while 
that of the basal layer is stage specific. Purified cuticles were obtained by sonication and treatment with sodium 
dodecyl sulfate (SDS) and their component proteins solubilized with a sulfhydryl reducing agent. The degree of cuticle 
solubility is stage specific and the insoluble structures for each cuticle were localized by electron microscopy. Analysis 
of %-labeled soluble cuticle proteins by SDS-polyacrylamide gel electrophoresis yields unique banding patterns for 
each stage. Most proteins are of high molecular weight (100-200 K) and are restricted to particular stages. Sixteen 
of the nineteen major proteins characterized are specifically degraded by bacterial collagenase. The results indicate 
that the different molts are not reiterative, but require the integration of both unique and shared gene functions. The 
potential use of stage-specific cuticle differences to identify and characterize regulatory genes controlling cuticle-type 
switching during development is discussed. 

INTRODUCTION 

Cuticle formation in the free-living nematode, Cue- 
norhabditis elegans, shows promise for study of the ge- 
netic control of a complex developmental process (Cox 
et aZ., 1980). The cuticle is a proteinaceous extracellular 
structure that encloses the animal. It is synthesized and 
secreted by an underlying layer of hypodermal tissue 
which, for the most part, consists of a single large syn- 
cytium that extends throughout the length of the ani- 
mal (White, 1974). The entire cuticle is shed four times 
during the animal’s 3-day development and a new cu- 
ticle is formed de novo at each molt (Singh and Sulston, 
1978; Cox et al, 1981a). 

In a previous report we described the purification of 
intact cuticles from C. elegans adults and characterized 
the morphological and biochemical features of these 
cuticles (Cox et al., 1981b). This report extends these 
studies to include three of the juvenile stages of C. ele- 
gans, the Ll, dauer larva, and L4. We find that the cu- 
ticles of these stages exhibit remarkable differences in 
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internal architecture which are reflected in the elec- 
trophoretic banding patterns of their component pro- 
teins. The results indicate that the different molts are 
not reiterative, but require the integration of both 
unique and shared gene functions. The implications of 
our findings for genetic studies of cuticle formation are 
discussed. 

MATERIALSANDMETHODS 

Nematode Strains and Culture Methods 

N2 is the wild-type strain of C. elegans var. Bristol 
and was obtained from Sydney Brenner (1974). fer- 
l(hclts)I and dae-2(e1370ts)III are temperature-sensi- 
tive ethyl methanesulfonate-derived mutants of N2 and 
have been described (Ward and Miwa, 1978; Riddle, 
1977). At 25”C, daf-2 animals form dauer larvae con- 
stitutively (i.e., in the presence of food). At this tem- 
perature, fer-1 animals produce defective sperm and 
hermaphrodites are consequently self-sterile. Both mu- 
tants grow normally when reared at 16°C and daf-2 
dauer larvae formed at 25°C molt into L4 juveniles 
when shifted to 16°C. Neither fer-1 nor daf-2 mutations 
alter the structure of the cuticle as judged by electron 
microscopy and we assume that they do not affect the 
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proteins of the cuticle as well. This assumption has been 
verified for fer-1 L4’s and adults. 

NG media, 8P media, NP media, and M9 buffer have 
been described (Brenner, 1974; Schachat et al., 19’77; 
Schachat et a2; 1978). Unless noted otherwise, nema- 
todes were grown on loo-mm agar plates using Esch- 
erichia coli strain OP50 as a food source. 

Dauer larvae were obtained using egg-white plates 
(Cox, et al., 1981b) and stored at 16°C in M9 buffer until 
use. daf-2 dauer larvae were also obtained by shifting 
heavily populated NG agar plates from 16 to 25°C and 
leaving them at this temperature for several days. 
Dauer larvae were purified from other stages by incu- 
bation with 1% sodium dodecyl sulfate (SDS) and cen- 
trifugation through 15% Ficoll as described by Cox, et 
al., (1981b). 

“S-Labeling Procedures 

?S-Labeled bacteria were prepared by growing E. coli 
strain NA22 for 12 to 24 hr at 37°C in 30 to 50 ml of 
low-sulfate medium (Bretscher and Smith, 1972) sup- 
plemented with 0.2 to 0.5 mCi of Hz ?S04 (New England 
Nuclear, carrier-free). After harvesting, radioactive 
bacteria were suspended in M9 buffer (usually 2 ml of 
M9 buffer per 50 ml of bacterial culture) and spread 
onto loo-mm NP agar plates (0.5 ml per plate). These 
plates were allowed to dry and either seeded directly 
with nematodes or stored for up to 1 week at 4°C. 

Labeled L4’s were prepared by plating dauer larvae 
(N2 or fer-1) onto ?3-E. coZi plates (2 X 104 animals per 
plate) and allowing them to develop for 15 hr at 25”C, 
which is several hours after the completion of the dauer 
to L4 molt and a few hours before the onset of adult 
cuticle synthesis (Cox et al., 1981a). 

For labeling adult nematodes, fer-1 L4 juveniles 
grown from dauer larvae on 8P plates (14-15 hr at 25°C) 
were plated onto 35S-E. coli plates (5-10 X lo3 animals 
per plate) and allowed to develop until they were ma- 
ture adults (an additional 14-16 hr at 25°C). 

Radioactive dauer larvae were prepared by plating 
newly hatched daf-2 Ll’s onto 73-E. coli plates (3-5 
x lo4 animals per plate) and incubating the plates for 
2 days at 25°C. Dauer larvae were isolated as described 
above. 

For labeling Ll’s, young N2 adults were placed on 35S- 
E. coli plates (l-5 X lo3 animals per plate) for 8-12 hr, 
transferred to nonradioactive NG plates to lay eggs for 
12-16 hr, and discarded. Newly hatched radioactive Ll’s 
were collected from these plates at 6-hr intervals. In 
one experiment, eggs were isolated by digesting 35S-la- 
beled adults with 1% NaOCl in 0.5 M NaOH for 7 min 
(R. Hecht, University of Houston, personal communi- 
cation). Eggs are not affected by this treatment and 

were plated onto NG agar plates after several rinses 
with M9 buffer. 

Cuticle Isolation Procedures 

Cuticles were purified by sonicating nematodes in 10 
m.iJf Tris-HCl (pH 7.4), 1 m&f EDTA, 1 mA4 phenyl- 
methanesulfonyl fluoride and incubating the crude cu- 
ticle pieces in ST buffer (1% SDS, 0.125 M Tris-HCl 
(pH 6.8)) for 2 min at 100°C as described by Cox, et al., 
(1981b). Sonication times used to disrupt the animals 
were: adults, 3 min; L4’s, 1.8 min; dauer larvae, 4.5 min; 
and Ll’s, 1.2 min. Soluble cuticle proteins were obtained 
by heating purified cuticles in 0.2-0.5 ml of ST buffer, 
5% B-mercaptoethanol (BME) for 2 min at 100°C and 
agitating gently for several hours at room temperature. 
BME-insoluble cuticle material was washed three times 
with 1 ml of ST buffer, 5% BME and either lyophilized, 
after several rinses with distilled water, or solubilized 
with Protosol (New England Nuclear) for scintillation 
counting. In radiolabeling experiments, aliquots were 
removed at various stages in the isolation procedure to 
monitor recovery of %-labeled protein. Trichloroacetic 
acid (TCA)-soluble and insoluble radioactivity was de- 
termined as described (Cox et al., 1981a). Protein sam- 
ples were stored at -20°C until use. 

Using the labeling procedures described above, yields 
of radioactive BME-soluble cuticle proteins were: adults 
(l-3 X lo5 cpm/lO’ nematodes); L4’s (3-8 X lo4 cpm/l@ 
nematodes); dauer larvae (2-4 X lo4 cpm/103 nema- 
todes); and Ll’s (0.8-1.5 X l@ cpm/103 nematodes). 

Gel Electrophoresis 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed according to Laemmli and Favre (1973) 
with only minor modifications. Each gel lane contained 
l-5 X lo4 cpm. Gels were fixed overnight in 50% meth- 
anol, 10% acetic acid and treated either with PPO (2,5- 
diphenyloxazole) in dimethyl sulfoxide (Bonner and 
Laskey, 1974) or with EN3HANCE (New England Nu- 
clear and Amersham). The gels were dried and exposed 
to preflashed Kodak XR-5 X-ray film (Laskey and Mills, 
1975) for l-20 days at -70°C. The following 14C-labeled 
proteins (New England Nuclear) were used as molecular 
weight standards: myosin (212,000), phosphorylase b 
(92,500), bovine serum albumin (SS,OOO), ovalbumin 
(43,000), carbonic anhydrase (29,000), and cytochrome 
c (11,700). 

Collagenase Lligestions 

Radioactive soluble cuticle proteins of each devel- 
opmental stage were mixed with 40 pg nonradioactive 
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soluble adult cuticle protein in ST buffer, 5% BME, and 
the proteins were precipitated with 9 vol of ice-cold 
acetone (Weber et al., 1972). The precipitates were 
washed once with 90% acetone, air-dried, and incubated 
with 20 units of bacterial collagenase (Advanced Bio- 
factures Corp. Form III) in 50 ~1 of 50 mlM Tris-HCl 
(pH 7.4), 10 milf CaClz, 150 m&Z NaCl for 15 hr at 37°C. 
This collagenase is free of detectable nonspecific pro- 
teases (Miller and Udenfriend, 1970). In some experi- 
ments an additional 20 units of collagenase was added 
after the first 12 hr. Parallel control preparations were 
incubated with buffer minus enzyme. Digestions were 
terminated by dilution into electrophoresis sample 
buffer and heating for 2 min at 100°C. Samples were 
electrophoresed directly. After fixation, gels were 
stained with 0.1% Coomassie blue R-250 in 50% meth- 
anol, 10% acetic acid, destained in 5% methanol, 10% 
acetic acid, and prepared for fluorography. 

(1981b). A Wild M5 dissecting microscope was used to 
monitor the molting cycles (Cox et aZ., 1981a). 

IV. RESULTS 

The postembryonic development of C. elegant is in- 
terrupted by four molts which divide the life cycle into 
five discrete stages termed Ll, L2, L3, L4, and adult. 
During periods of adverse environmental conditions 
(e.g., starvation), L2 juveniles molt into a nonfeeding 
developmental alternative to the L3, called the dauer 
larva. Dauer larvae are more resistant to noxious chem- 
icals than are the other stages and can survive for many 
times the normal life span (Cassada and Russell, 1975; 
Klass and Hirsh, 1976). Upon encountering suitable en- 
vironmental conditions, the dauer molts into an 
L4 and thereby rejoins the regular developmental 
pathway. 

Amino Acid Analyses 

Lyophilized cuticle protein samples were hydrolyzed 
in z)acuo for 24 hr at 110°C in 6 N HCl and processed 
on a Durrum D-500 amino acid analyzer. Cysteine was 
determined as cysteic acid in samples that were oxi- 
dized with performic acid (Hirs, 1956). 

In the following sections we describe the ultrastruc- 
ture and protein composition of the Ll, dauer, L4, and 
adult cuticles. L2 and L3 cuticles are not included be- 
cause of difficulties encountered in obtaining large syn- 
chronous populations for biochemical purposes. Certain 
features of dauer and adult cuticles have been described 
previously (Cassada and Russell, 1975; Popham and 
Webster, 1978; Cox et al., 1981b) but are included for 
comparison. 

Microscopg A. Cuticle Morphology 

Nematodes and cuticle preparations were prepared The surface morphology of the cuticle is similar at 
for electron microscopy, as described by Cox et al. each developmental stage. The cuticles of all stages are 

TABLE 1 
RELATIVESIZE CHARACTERISTICSOFJUVENILEANDADULTCUTICLES 

Developmental 
stage 

Approximate 
length 
(ml 

Annula 
width’ 
bm) 

Cuticle 
thickness 

range 
bm) 

Cuticle thickness 
to body 

diameter ratio’ 

Cuticle as percentage 
total body cross- 

sectional area” 

Adult 1200 1.23 f 0.24 0.4-0.62 1:88 4.4 
1.72 + 0.08 

L4 800 1.12 + 0.14 0.26-0.35 1% 4.4 
1.06 + 0.07 
0.96 + 0.10 

Dauer 500 1.45 & 0.12 0.3-0.35 1:36 10.2 
1.41 * 0.19 
1.58 * 0.08 

Ll 250 1.64 +- 0.13 0.1-0.15 1% 4.4 
0.99 * 0.04 

’ Data are the means + 1 SD for 15-40 annulae of individual nematodes. Distance between annulae was measured from the base of the 
annular furrows. 

* Determined from favorable transverse sections of two to three nematodes for each state. Cuticle thickness was subtracted from body 
diameter measurements. 

’ Determined using data in previous column and assuming that the cross section of a nematode is a circle. 
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FIG. 1. Transmission electron micrographs of juvenile and adult cuticles. Transverse (left-hand column) and longitudinal (right-hand 
column) sections are shown as opposing pairs. Adult cuticle: (a) X50,000 and (b) X27,000; L4 cuticle: (c) X70,000 and (d) X34,ooO, dauer cuticle: 
(e) X67,000 and (f) X38,ooO; Ll cuticle: (g) X170,000 and (h) X70,000. Cuticle structures indicated are: an, annulae; bl, basal layer; cl, cortical 
layer; eel, external cortical layer; B, fiber layer; sl, striated layer; st, struts. Hypodermal (h) and muscle (m) cells are also indicated. 

relieved by regularly spaced circumferential indenta- those observed between individuals of the same stage 
tions termed annulae. The distance between annulae is and therefore are probably not significant. 
similar in each stage and averages between 1 and 1.5 The only other major distinctive surface features of 
pm (Table 1). The variations in annulae width observed the cuticle are alae, which are longitudinal thickenings 
between individuals of different stages were similar to of the cuticle that run along the lateral sides of the 
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animal. Alae are present in Ll, dauer, and adult cuti- 
cles, but not L4 cuticles (nor L2 or L3 cuticles; Singh 
and Sulston, 1978). The form of the alae is stage specific 
as is described below. When present, alae interrupt the 
otherwise continuous paths of the annulae around the 
worm. 

As the animal matures, the cuticle formed at each 
successive stage is thicker (Table 1). The increase in 
cuticle thickness is proportional to the increase in body 
diameter during this time. In the Ll, L4, and adult, the 
ratio of cuticle thickness to body diameter averages 
about 1538 (Table 1). Dauer larvae, however, have a cu- 
ticle thickness to body diameter ratio of about 1:36, 
more than double that of the other stages. The reason 
for this appears twofold. First, dauer larvae are un- 
usually thin (comparable in diameter to Ll’s) and pos- 
sess a length to diameter ratio nearly double that of 
other stages (Cassada and Russell, 1975). Second, the 
dauer cuticle appears to be especially thick as it is equal 
to or greater in thickness than the L4 cuticle. No com- 
parable measurements have been made for L3 juvenile 
cuticles. 

The internal architectures of Ll, dauer, L4, and adult 
cuticles are quite distinct. Transmission electron mi- 
crographs of each cuticle are presented in Fig. 1 and 
a description of each is given below. Nematode cuticles 
are typically divided into three regions: an inner (basal) 

FIG. 2. Transmission electron micrographs of lateral alae (a) adult 
cuticle, X25,000 (b) dauer cuticle, X27,000; (c) Ll cuticle, X75,000. 

FIG. 3. Transmission electron micrographs of special features of 
the dauer cuticle. (a) The striated layer (sl) tapers at the lateral ridges 
and is replaced by tranverse (tf) and longitudinal (If) fibers (X33,000). 
(b) Longitudinal section through the edge of the lateral alae which 
shows the underlying longitudinal fibers. The transverse fibers appear 
amorphous at this angle (X29,000). (c) Low-angle longitudinal section 
through the main body cuticle which shows the rectangular array of 
interwoven laminae that give rise to the striations seen in transverse 
and longitudinal sections. The cortical layer (cl) and loosely organized 
fibrillar material (fl) underlying the striated layer are indicated 
(x70,000). 

zone, a clear (median) zone that is not always present, 
and an outer (cortical) zone (Bird, 1971). We have con- 
tinued this nomenclature system in describing the dif- 
ferent C. elegant cuticles. 

1. The adult cuticle. The basal and cortical layers of 
the adult cuticle are clearly separated by an electron- 
transparent median layer that is probably fluid filled. 
Small, dense columns of material (termed “struts”) tra- 
verse the median layer and are the only attachment 
points between the basal and cortical layers. Struts are 
organized into transverse rows on either side of the 
annular furrows and are absent beneath the alae. The 
cortical layer consists of a thin, electron-dense external 
cortical layer and a less dense internal cortical zone. 
The basal layer comprises a loosely organized fibrillar 
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layer adjoining the hypodermis and two layers of highly 
organized fibers that spiral around the animal in op- 
posite directions, each at an angle of 60-70” relative to 
the worm’s long axis. The adult alae are comprised of 
three ridges of about equal size (Fig. 2a). The surface 
features of the cuticle, the annulae, and alae, represent 
variations in the morphology of the cortical layer. The 
morphology of the basal layer, in contrast, appears uni- 
form throughout the worm. 

2. The L& cuticle. The L4 cuticle, like the other ju- 
venile cuticles, is organized as a single layer; a clear 
median layer separating the basal and cortical layers 
is absent. The external and internal cortical layers ap- 
pear similar to the corresponding structures of the 
adult cuticle. The basal layer of the L4 cuticle contains 
two fibrillar layers that differ in their orientation. 
These fiber layers may be organized in a spiraling man- 
ner similar to those in the adult cuticle; however, this 
has not been determined. Alae are not present in the 
L4 cuticle and the structure of the cuticle at the lateral 
ridges is similar to that seen elsewhere in the worm. 

3. The dauer cuticle. The most striking feature of the 
dauer cuticle is the striated zone present in the basal 
layer. Striations are observed in both transverse and 
longitudinal sections and derive from two sets of in- 
terwoven laminae, one of which is oriented longitudi- 
nally and the other circumferentially. The rectangular 
array of these laminae can be seen in glancing sections 
of dauer cuticles (Fig. 3~). The striated zone is separated 
from the hypodermis by a layer of loosely organized 
fibrillar material. The cortical layer appears similar to 
that of the other stages except that the external cortical 
layer is thicker. The dauer cuticle has broad five- 
pronged alae (Fig. 2b). Beneath the alae the striated 
zone tapers and is replaced by a layer of transverse 
fibers which overlay a layer of longitudinal fibers (Figs. 
3a and b). 

4. The Ll cuticle. In transverse sections osmiophilic 
striations are also seen in the basal layer of the Ll 
cuticle (Fig. lg). These striations are shorter and less 
distinct than the striations seen in the dauer cuticle, 
although they are of the same periodicity (ca. 18 nm). 
No intermediate layer separating the striated layer 
from the hypodermis is present in Ll cuticles. In lon- 
gitudinal sections, the basal layer appears fibrillar, not 
striated, and therefore may be organized in a manner 
different from the striated layer of the dauer cuticle. 
The fibrillar appearance of this layer may be an artifact, 
however, because Ll’s never fixed as well as the other 
stages. The structure of the cortical layer is similar to 
that of the other stages. The Ll alae comprise three 
ridges: the central ridge is much larger than the other 
two and is of variable morphology. In some sections the 
central ridge appeared mushroom-shaped (Fig. 2c), 
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while in other sections (often in the same animal) it 
appeared V-shaped due to indentation of the top central 
portion of the ridge. Beneath the alae, the striated layer 
merges with a layer of dense transverse fibers which 
overlay a layer of more loosely organized fibrillar ma- 
terial. 

B. Purification of Cuticles and Localization of 
Insoluble Structures 
Cuticles were purified by sonication and treatment 

with SDS as described under Materials and Methods. 
Cellular material such as muscle bundles and basement 
membranes were never observed in electron micro- 
graphs of these cuticle preparations. Purified dauer 
(Figs. 4e and 5~) and L4 (Fig. 4~) cuticles have a mor- 
phology virtually indistinguishable from that of in situ 
cuticles. Adult cuticles (Figs. 4a and 5a) are also well 
preserved by these treatments except that the two fiber 
layers appear more disorganized than in unextracted 
cuticles and the alae typically have a buckled appear- 
ance, possibly due to contraction of the basal layer. 
Purified Ll cuticles (Figs. 4g and 5e) appear convoluted 
due to circumferential contraction of the basal layer 
and the alae appear broad and amorphous. On the 
whole, though, purified Ll cuticles appear largely intact 
and seem to have suffered no obvious loss of structural 
detail. 

Cuticles of all stages are partially solubilized by 
sulfhydryl reducing agents such as BME. Electron mi- 
crographs of BME-treated adult cuticles (Figs. 4b and 
5b) indicate that the entire basal layer, struts, and most 
of the internal cortical layer have been removed. Only 
the external cortical layer remains intact and is asso- 
ciated with a small amount of internal cortical layer 
material. The entire basal layer and most of the inter- 
nal cortical layer is also removed from L4 cuticles (Fig. 
4d). More of the internal cortical layer remains insol- 
uble in L4 cuticles than in adult cuticles and this ma- 
terial often appears as partially extracted clumps that 
have pulled away from the external cortical layer. The 
gross morphology of dauer cuticles is only mildly af- 
fected by BME (Figs. 4f and 5d). The only structure 
extensively solubilized is the loosely organized fibrillar 
material underlying the striated zone. Portions of the 
internal cortical layer, the transverse and longitudinal 
fibers underlying the alae, and the material comprising 
the interstices of the lattice structure that gives rise 
to the striated zone, are also removed. Dauer cuticles 
shrink when treated with BME due to contraction of 
the striated layer. Contraction of this layer causes the 
attached cortical layer material to buckle at fairly reg- 
ular intervals. The Ll cuticle structures that are BME- 
insoluble are the external cortical layer and portions 
of the striated layer; the internal cortical layer is 
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SDS BME 

FIG. 4. Transmission electron micrographs of purified cuticles before and after treatment with p-mercaptoethanol. SDS-purified (left-hand 
column) and BME-treated (right-hand column) cuticles are shown as opposing pairs at identical magnifications. Adult cuticle: (a) and (b), 
X10,000; L4 cuticle: (c) and (d), X33,000; dauer cuticle: (e) and (f), X74,000; Ll cuticle: (g) and (h), X110,000. 

largely removed (Figs. 4h and 5f). The striated layer seems to be attached at specific points to the remains 
appears fibrillar and loosely organized, suggesting that of the striated layer. 
some structural components have been extracted. The A summary of these observations is presented in 
external cortical layer appears highly convoluted and Fig. 6. 
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BME 

FIG. 5. Transmission electron micrographs of lateral alae before and after treatment with &mercaptoethanol. SDS-purified (left-hand 
column) and BME-treated (right-hand column) alae are shown as opposing pairs at identical magnifications. Adult alae: (a) and (b), X17,000; 
dauer alae: (c) and (d), X1'7,ooO, Ll alae: (e) and (f), X27,000; Ll alae are difficult to discern after treatment with BME and are indicated with 
an arrow in (f). 

C. Sgnthesis of Cuticle Proteins during the Molts 

The strategies for specifically labeling Ll, dauer, L4, 
and adult cuticles with % are described under Mate- 
rials and Methods. In labeling Ll, L4, and adult cuticles, 
animals were given essentially single-stage (molt) pulses 
of radioactivity; therefore, the amount of radioactivity 
recovered in these cuticles vs the rest of the animal 
provides an estimate of the proportion of total protein 
synthesis during these stages (molts) that is devoted 
to cuticle synthesis (assuming equal turnover rates for 
all proteins). As indicated in Table 2, purified cuticles 
account for 6-9s of the total %S-labeled protein re- 
covered from these stages. In contrast, cuticle material 

represents 23% of the total labeled protein recovered 
from dauer larvae even though these animals were la- 
beled continuously from the Ll stage and thus under- 
went two molts. For each stage examined, the percent- 
age of total labeled protein recovered in the cuticle is 
about 1.5-2 times that expected from consideration of 
the cross-sectional area of the animal occupied by the 
cuticle (Table 1). 

Table 2 also gives the percentage of %S-labeled cuticle 
material for each stage that is solubilized by BME. In 
general, these values correlate well with the electron 
microscopy results. The data indicate that the majority 
of the ?S-labeled protein in L4 and adult cuticles, 70 
and ‘75%, respectively, is BME soluble, whereas only 
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46% of the protein in the Ll cuticle and 26% of the 
protein in the dauer cuticle is removed by BME. 

D. Characterization of BME-Soluble Cuticle Proteins 
b SDS-PAGE and Collagenctse Sensitivity 

?S-Labeled BME-soluble cuticle proteins of each 
stage were separated by SDS-PAGE and visualized by 
fluorography. A ‘7% % gel is shown in Fig. ‘7 and 5 and 
10% gels are shown in Fig. 8. Several gel concentrations 
are necessary to resolve all cuticle proteins because a 
few proteins (e.g., cp1 and cpJ, see Table 3) show in- 
creased mobilities in higher percentage gels and as a 
consequence comigrate with other proteins depending 
upon the gel concentration. Comparison of the protein 
banding patterns of the different stages reveals that 
each is unique. Each cuticle yields a limited number of 
major protein components in the 50-200K molecular 
weight range, many minor components of very high 
molecular weight (>200K) and a limited number of 
minor components of low molecular weight (<50K). 
Except for minor variations in the intensities of cp1 and 
cpJ, the relative proportions of the different protein 
species was very reproducible. None of these proteins 
are extracted from the cuticle in the absence of BME 
(gels not shown). 

Table 3 summarizes the proteins present in the cu- 
ticles of the different stages. In deriving this table we 
have limited our analysis to only the major components 
of each stage, and for the present, have assumed that 
cuticle proteins from different stages which corn&ate 
on various percentage polyacrylamide gels, have similar 
band morphologies, and exhibit the same sensitivity to 
bacterial collagenase (see below) are identical; we re- 
alize that this assumption may have to be modified upon 
further experimentation. 

Cuticle proteins fall into three general classes based 
on their developmental expression. The majority of cu- 
ticle proteins are unique to individual stages. A few 
proteins appear to be present in the cuticles of more 
than one, but not all stages (e.g., cpE in the L4 and 
adult; cpL in the Ll and L4). Only cpH and probably 
cp1 and cpJ appear to be present in the cuticles of all 
stages (the latter two proteins are present in only very 
minor quantities in the adult cuticle). 

Previous studies (Cox et al., 1981b) established that 
the eight major proteins in the adult cuticle (CPA 
through cpH) are extensively degraded by bacterial col- 
lagenase. We have investigated the effect of this enzyme 
on the juvenile cuticle proteins. For these experiments 
35S-labeled BME-soluble cuticle proteins of each stage 
were mixed with unlabeled adult cuticle protein, pre- 
cipitated with 90% acetone, incubated with collagenase, 
and the digestion products were analyzed by SDS- 
PAGE. Adult cuticle protein was included in these ex- 
periments so that the completeness of the digestions 

Adult 

BME 

l 

l 

\ A. I 

FIG. 6. Diagrammatic sketch summarizing cuticle structures sol- 
ubilized by /%mercaptoethanol. 

could be monitored by Coomassie staining prior to fluo- 
rography. All digestions were complete by this crite- 
rion. As shown in Fig. 8 and summarized in Table 3, all 
but three of the major juvenile cuticle proteins are spe- 
cifically digested by this enzyme. Two of the collage- 
nase-resistant proteins, cpP and cpQ, are unique to the 
Ll, whereas the third, cp1, is present in variable 
amounts in all stages, although most prominently in 
the Ll. Most of the minor, very high-molecular-weight 
bands (>200K) for each stage (except the dauer) are 
absent after treatment with collagenase. Most of the 
low-molecular-weight (<50K) minor proteins, particu- 
larly those in Ll, are refractory to this enzyme. Three 
new bands (indicated by asterisks in Fig. 8) appear 
among the collagenase-resistant products of each set 
of proteins. These proteins are not seen in control sam- 
ples and probably derive from some of the very high- 
molecular-weight proteins (>200K). These three pro- 
teins are very prominent in the Ll and show increased 
mobilities in higher-percentage polyacrylamide gels. 

E. Amino Acid Compositions of Cuticle Proteins 

Amino acid compositions of BME-soluble and insol- 
uble cuticle proteins of dauer larvae and L4’s were de- 
termined and are compared to the compositions of the 
corresponding adult proteins in Table 4. Ll proteins 
were not analyzed because of insufficient material. The 
soluble cuticle proteins of all stages have amino acid 
profiles typical of collagens; these proteins are rich in 
glycine, alanine, proline, hydroxyproline, and the acidic 
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TABLE 2 
RECOVERY OF ?3-LABELED PROTEIN AT VARIOUS STAGES IN THE PURIFICATION OF CUTICLES~ 

465 

Developmental 
stage 

Percentage total %-labeled protein recovered Percentage total cuticle radioactivity 

Sonication SDS extract BME-soluble BME-insoluble 
supernatantb of cuticles Cuticle proteins proteins 

Adult 

L4 

Dauer 

Ll 

(7.OY.4) 
(Sk4) 

21 
(18-25) 

(6L6) 

7.7 
(6.1-8.4) 

(2&d) 

(217%) 

(7%) 
74 

(70-77) 

(53%) 

a Data are the means plus the range of values (parentheses) for four independent determinations for each developmental stage. Values 
above 10% have been rounded off to the nearest whole number. 

b Determined as TCA-insoluble radioactivity. 

amino acids, and poor in the basic and aromatic amino 
acids. As expected, these proteins contain significant 
amounts of cysteine. The soluble proteins of L4 and 
adult cuticles are nearly identical in composition; 
whereas those of the dauer cuticle show many distinct 
differences. Most significantly, the dauer proteins con- 
tain more glycine and cysteine and less hydroxyproline 
and alanine than the L4 and adult proteins. The ratio 
of hydroxyproline to proline residues is about 0.6 in the 
dauer proteins vs about 1 in the L4 and adult proteins. 
Dauer proteins contain two to three times as many hy- 
drophobic residues as the other stages and also contain 
small quantities (0.1% ) of hydroxylysine, which was not 
detected in L4 or adult proteins. 

The BME-insoluble cuticle proteins of these stages 
have compositions similar to, but distinct from, each 
other and from the soluble proteins of each stage. The 
major compositional difference between the insoluble 
proteins of the different stages is in the levels of glycine 
and alanine residues, which are largely inversely pro- 
portional. The insoluble proteins of L4 and adult cuti- 
cles have more alanine and valine residues and fewer 
basic amino acids and hydroxylated proline residues 
than the soluble proteins of these stages. The insoluble 
dauer cuticle proteins are richer in glycine, alanine, and 
the imino acids, and poorer in the hydrophobic and 
basic amino acids than are the soluble dauer proteins. 
Hydroxylysine was not detected in the insoluble cuticle 
proteins of any stage; however, these proteins did con- 
tain small amounts (~1% ) of two ninhydrin-positive 
peaks that eluted between phenylalanine and histidine. 
The identity of these peaks in not known. 

DISCUSSION 

Although the gross morphological and biochemical 
events of the different molts in the C. elegans life cycle 

appear similar (Singh and Sulston, 1978; Cox et al., 
1981a), our studies have shown that the cuticles of at 
least four stages differ substantially from one another 
in ultrastructure and protein composition. This finding 
indicates that the postembryonic development of the 
hypodermis entails not only a temporal pattern of dis- 
continuous cellular activity (i.e., the molting cycles), but 
also a precise program of genetic switches which allow 
the production of distinctly different cuticles at differ- 
ent molts. 

All nematodes exhibit a similar program of post- 
embryonic development involving four molts. Stage- 
specific differences in cuticle architecture have been 
reported for selected stages of many nematode species, 
and are particularly common among the parasitic forms 
(for reviews see Chitwood and Chitwood, 1974; Bird, 
1971). However, a systematic analysis of cuticle struc- 
ture at each developmental stage has been performed 
with only one other nematode, the free-living Pana- 
grellzti silusiae. In this case no ultrastructural differ- 
ences were observed and recent analysis of BME-soluble 
cuticle proteins revealed only quantitative variations 
between stages (Samoiloff and Pasternak, 1968; Leush- 
ner et al., 1979). No comparative biochemical data exist 
for other nematodes like C. elegans that change cuticle 
structure during development; therefore we do not know 
how typical our findings will prove to be. Stage-specific 
differences in ultrastructure and protein electropho- 
retie banding patterns have been reported for certain 
insect cuticles (Roberts and Willis, 1980). 

Some features of cuticle architecture are conserved 
among the various C. elegans stages. Each cuticle is 
organized into two main layers and each has an an- 
nulated surface. The structure of the cortical layer in 
each cuticle is similar. The surface features of the cu- 
ticle, the annulae, and alae are created through vari- 
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ations in the thickness and morphology of the cortical 
layer. Microscopy studies have suggested that the pat- 
terning of these features is largely the result of surface 
membrane activities of the underlying hypodermis 
(Lee, 1970; Singh and Sulston, 19’78; our unpublished 
results). During deposition of the new cuticle, the hy- 
podermal siirface folds into regular arrays and appears 
to act as a template upon which the new annulae are 
formed. The close similarity in annulae width on all 
cuticles studied suggests that the same mechanism op- 
erates at each molt to generate these features. The lat- 
eral hypodermal seam cells are specifically responsible 
for the formation of the alae (Singh and Sulston, 1978). 
During the L4 to adult molt, the seam cell membrane 
forms three ridges from which the alae appear to be 
secreted. Ll and dauer alae, however, are secreted as 
broad bands by an enlarged seam and gain their char- 
acteristic shapes extracellularly through the action of 
as yet undetermined forces (Singh and Sulson, 1978; J. 
J. Sulston, personal communication). The broad amor- 
phous appearance of Ll alae after treatment with SDS 
may be a reversion of these structures to their secreted 
form. The lack of a similar shape change in dauer aiae 
may be a consequence of the high degree of crosslinking 

A 14 D 11 

212K 

93K 

43K 

29K 

FIG. 7. Autofluorogram of ?S-labeled BME-soluble cuticle proteins 
separated by electrophoresis on a 7’/2% SDS-polyacrylamide gel. 
Developmental stages are indicated above the gel lanes and the ap- 
proximate molecular weights of protein standards are indicated in 
the far left column. Adult and dauer stages are abbreviated as A and 
D, respectively. Only major cuticle proteins are labeled. Each gel lane 
contains 2.5 X lo4 cpm and was exposed to X-ray film for 7 days at 
-70°C. 

FIG. 8. Autofluorogram of control and collagenase-treated =S-la- 
beled BME-soluble cuticle proteins separated by electrophoresis on 
5% (a) and 10% (b) SDS-polyacrylamide gels. Samples containing 2.5 
X lo4 cpm were mixed with 40 pg unlabeled adult cuticle protein, 
precipitated with acetone, and incubated with 20 units of collagenase 
(+) or with buffer only (-) for 12 hr at 3’7T. An additional 20 units 
of collagenase or an equivalent volume of buffer was then added and 
the mixtures were incubated for an additional 3 hr at 37°C. After 
electrophoresis, gels were stained with Coomassie blue to verify diges- 
tion of the unlabeled adult protein, prepared for fluorography, and 
exposed to X-ray film for 8 days at -70°C. Labels are as indicated 
in the legend to Fig. 7. 

in this cuticle. Seam cells appear to be synthetically 
active at all molts (Sulston and Horvitz, 1977); there- 
fore, at some molts (e.g., the dauer to L4 molt) these 
cells must follow the same synthetic and secretory pro- 
gram as the major hypodermal syncytium, whereas at 
other molts they apparently must follow distinct pro- 
grams to generate alae. The greatest morphological 
differences between the various cuticles occur in the 
structure of their basal layers. Although each is unique, 
similarities between certain stages are evident. For ex- 
ample, the basal layers of both dauer and Ll cuticles 
contain radial striations that are replaced at the lateral 
ridges by transverse fibers while the basal layers of 
both L4 and adult cuticles are organized into layers of 
fibers. 
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TABLE 3 
APPROXIMATE MOLECULAR WEIGHTS, COLLAGENASE SENSITIVITY, AND DEVELOPMENTAL EXPRESSION OF C. elegans CUTICLE PROTEINS’ 

Approximate Developmental stage 
molecular Collagenase 

Class Band weight* sensitivityC Ll Dauer L4 Adult 

I 
(Single stage) CPA =AJ@J Y ++ 

CPB 67,0CMld Y (+I ++ 
CPC 87,ooo Y +++ 

CPD 101,ooo Y +++ 

CPF 167,000 Y + 

CPG 196,009 Y ++ 

CPK 146,000 Y +++ 

CPN 103,ooo Y +++ 

CPO 125,000 Y ++ 

CPP 77,ooo N + 
CPQ f%ooo N + 
CPR 147,000 Y ++ (+) 
CPS 159,000 Y ++ (+) 

II 
(Some stages) CPE 129,006 Y +++ ++ 

CPL 135,OOOd Y + + 
CPM 191,oood Y + + 

III 
(All stages) CPH 210,ooo Y + + + + 

CPI 98,ooe N +++ ++ ++ + 

CPJ 98,oood Y +++ + ++ + 

a Proteins are grouped into classes based on their developmental expression and the intensity of each protein relative to other proteins 
within a stage is indicated. +++, major; ++, intermediate; +, minor. No sign indicates that the protein was not detectable. (+) indicates that 
a minor protein is present, but that a definite identification could not be made. 

* Molecular weights given were determined on 5% SDS-polyacrylamide gels. 
’ Y, yes; No, no. 
d These proteins exhibit significantly reduced molecular weights on higher percentage polyacrylamide gels. 

The functioning of the cuticle as a hydrostatic skel- 
eton (Harris and Crofton, 1957; Inglis, 1964) requires 
that it be anisometric. The cuticle must be capable of 
flexing longitudinally but not radially. This require- 
ment may explain some of the similarities and differ- 
ences seen in the various C. elegant cuticles. The basal 
layer is thought to be responsible for the radial strength 
of the cuticle whereas the cortical layer and annulae 
are designed to provide flexibility. As the animal grows, 
the internal hydrostatic pressure must increase and be 
counterbalanced by an increase in the radial strength 
of the cuticle. Inglis (1964) postulates that this require- 
ment may have led to the evolution of molting and 
changes in internal cuticle morphology seen in many 
nematode species. This explanation is not wholly sat- 
isfactory, however, because some nematodes such as P. 
silusiae do not change cuticle structure at different 
molts but simply make a thicker version of the same 
cuticle. In this regard, our preliminary results suggest 
that the cuticles of the L2 and L3 stages of C. elegans 
are virtually identical to that of the L4 (M. Kusch and 

G. Cox, unpublished results). Many nematodes are also 
capable of considerable growth between molts and after 
the final molt (e.g., Ascaris adults increase in length 
nearly 30-fold without molting (Watson, 1965)). Thus, 
while growth is generally accompanied by an increase 
in cuticle thickness, it is not always accompanied by 
marked changes in cuticle structure. As an alternative 
explanation, we suggest that the cuticle changes seen 
in C. elegans may be an evolutionary vestige of a par- 
asitic ancestry. Stage-specific differences in cuticle 
morphology are common among parasitic nematodes 
and in some cases are clearly of adaptive significance 
to particular environments or hosts (Bird, 1971; Chit- 
wood and Chitwood, 1974). While C. elegans has been 
considered free living, at least one member of the genus 
and numerous members of the Rhabditis family are in- 
sect parasites (Poinar, 1972). Thus, it is possible that 
C. elegans is a secondarily derived free-living form and 
so retains developmental features characteristic of the 
ancestral parasitic forms. 

The procedure used to purify cuticles does not sig- 



468 DEVELOPMENTAL BIOLOGY VOLUME 86, 1981 

TABLE 4 
AMINO ACID COMPOSITION OF BME-SOLUBLE AND INSOLUBLE CUTICLE PROTEINS OF DAUER LARVAE, L4's AND ADULTS" 

Soluble cuticle proteins 

Amino acid Adult* L4 Dauer 

Residues/1000 total amino acids 
Cysteine” 30 33 58 
Hydroxyproline 120 105 54 
Aspartic acid 80 98 77 
Threonine 22 29 34 
Serine 38 32 38 
Glutamic acidd 100 95 87 
Proline 113 104 92 
Glycine 263 262 294 
Alanine 112 133 75 
Valine 19 20 34 
Methionine 2.5 1.5 7.6 
Isoleucine 10 13 22 
Leucine 14 16 38 
Tyrosine 5.2 4.3 10 
Phenylalanine 9.6 9.5 18 
Histidine 11 8.3 10 
Hydroxylysine 0 0 1.2 
Lysine 23 23 25 
Arginine 30 16 25 

a Averages of at least three hydrolysates of different cuticle preparations. 
* Data from Cox, Kusch, and Edgar (manuscript submitted). 
’ Determined as cysteic acid. 
d Includes the amidic forms. 

Adult* 

25 
75 
59 
26 
44 

110 
134 
224 
195 
34 
2.1 
9.2 

14 
7.5 
8.8 

10 
0 

11 
14 

Insoluble cuticle proteins 

L4 

32 
67 
51 
24 
42 
99 

134 
266 
165 
30 
1.3 

15 
22 
6.6 

11 
6.1 
0 

14 
14 

Dauer 

35 
81 
66 
26 
49 
60 

127 
335 
142 
13 
3.1 
9.9 
9.0 
3.4 
5.0 
5.0 
0 

21 
11 

nificantly alter cuticle morphology (except mildly the 
Ll cuticle) and therefore probably does not result in 
the loss of any major structural protein components. 
Both the electron microscopy and radiolabeling results 
indicate that the different cuticles vary markedly in the 
degree to which they are solubilized by disulfide reduc- 
ing agents: L4 and adult cuticles are nearly completely 
solubilized whereas dauer cuticles are only mildly af- 
fected. The Ll cuticle is intermediate between these 
extremes. The cuticle material solubilized is generally 
restricted to particular structures. The external cortical 
layer was not solubilized in any cuticle. The internal 
cortical layer was nearly completely solubilized in Ll, 
L4, and adult cuticles, but only minimally in dauer cu- 
ticles. This was true of the internal cortical layer ma- 
terial comprising the alae as well. The basal layer was 
completely solubilized in L4 and adult cuticles, but re- 
mained largely insoluble in Ll and dauer cuticles. The 
insolubility of the striated layer material in Ll and 
dauer cuticles supports the notion that these structures 
are homologous. The thick external cortical layer and 
high degree of covalent cross linking in the dauer cuticle 
correlates with the impermeability and presumed pro- 
tective function of this cuticle (Bird, 1971; Cassada and 
Russell, 1975). The types of covalent bonds responsible 

for the insolubility of cuticle material remain to be de- 
termined. 

The fact that the morphological variation in the dif- 
ferent cuticles is reflected in the electrophoretic band- 
ing patterns of their component proteins suggests that 
specific proteins are used to form particular cuticle 
structure. If this were the case then we can begin to 
make inferences as to the locations of certain proteins 
within the cuticle. For example, on this notion we would 
predict that neither cpE nor cpH are strut-specific pro- 
teins because both proteins are present in stages other 
than the adult. Also, we would predict that none of the 
proteins analyzed derive from the external cortical 
layer. Because so much of dauer and Ll cuticles remain 
insoluble, it is possible that the apparent absence of a 
protein from these cuticles is due to solubility differ- 
ences. -The use of antibodies and analyses of mutants 
lacking specific cuticle proteins should aid in determin- 
ing if this is the case. Our results seem to rule out the 
possibility that the different cuticles are comprised of 
similar sets of proteins that serve completely overlap- 
ping functions. If this were the case then only quan- 
titative variations should have been observed in the 
electrophoretic banding patterns between stages. 

We cannot say at this time whether the complexity 
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of the protein patterns of the different cuticles results 
from the existence of a large number of structurally 
unique proteins or as the result of a variety of post- 
translational modifications of a small set of proteins. 
Certain of the proteins have molecular weights and 
peptide maps (J. Politz, personal communication) which 
are consistent with the notion that they may be cross 
linked aggregates of lower molecular weight species 
(e.g., in the adult cpG may be a dimer of cpD). This is 
almost certainly the case for the very high-molecular- 
weight minor proteins (>220K) in each cuticle. Certain 
of the proteins (e.g., cp1 and cpJ) also show increased 
mobilities in higher percentage polyacrylamide gels, 
suggesting that they may be glycosylated (Segrest and 
Jackson, 1972). The significant differences in amino acid 
composition between the dauer cuticle proteins and 
those of the L4 and adult (even when the whole cuticle 
is considered) provide further indication that these cu- 
ticles differ from one another biochemically, but again 
the differences could be due to the presence of unique 
proteins or to varying ratios of a similar set of proteins. 
Irrespective of the molecular origin of cuticle protein 
diversity, it is clear that the hypodermis has the genetic 
potential for generating a great variety of cuticle pro- 
teins and that this information is selectively expressed 
in series of overlapping patterns at different molts in 
the animal’s life cycle. 

Clostridial collagenase specifically cleaves the X-Gly 
bond in the sequence Pro-X-Gly-Y-Pro (where X and 
Y can be any amino acid) and therefore is a sensitive 
probe for collagen primary structure (Seifter and Har- 
per, 1971). Sixteen of the nineteen major soluble cuticle 
proteins analyzed are extensively degraded by this en- 
zyme and on this basis appear to be collagens. The 
amino acid composition of these proteins as a whole is 
also typical of collagens. The three major proteins not 
digested by this enzyme and the three minor proteins 
which appear after collagenase treatment would seem 
to be noncollagen proteins. Clostridial collagenase does 
not readily digest native collagens of certain annelid 
cuticles (Goldstein and Adams, 1970; Kimura and Tan- 
zer, i97'7); therefore, the nondigested proteins may rep- 
resent special collagen forms which are protected in 
some way, perhaps through glycosylation, from the ac- 
tion of this enzyme. 

The stage-specific differences in cuticle architecture 
and protein composition clearly indicate that the molts 
are not reiterative; rather each molt appears to inte- 
grate series of shared events (e.g., patterning of the 
annulae) with series of unique events (e.g., patterns of 
proteins produced). Thus, the products of some cuticle 
genes must function at all molts while others must func- 
tion at only particular molts. This finding may account 
for the stage specificity in the phenotypic expression 

of many of the morphological mutants (e.g., blister and 
roller mutants) thought to play a role in cuticle for- 
mation (Brenner, 1974; Cox et al., 1980). Two genes that 
appear to participate in controlling the normal program 
of cuticle switches during development have recently 
been described, lin-411 and lin-14X (Sulston and Horv- 
itz, 1981; H. R. Horvitz, personal communication). Mu- 
tants defective for these genes were originally isolated 
with aberrations in postembryonic cell lineages, in- 
cluding hypodermal cell lineages: lin-4(e912) causes cer- 
tain lineages to be reiterated while lin-lh(n925) causes 
certain lineages to be “skipped.” Further analyses have 
revealed that these mutants are also aberrant in certain 
cuticle transitions: ha-4(e912) possesses a juvenile cu- 
ticle as a sexually mature adult and ha-14(n925) pos- 
sesses an adult cuticle as an L4 (Sulston and Horvitz, 
1981; H. R. Horvitz, personal communication; our un- 
published results). The precise effects of mutations in 
these genes on both cell lineage and cuticle patterns 
suggests that these genes play a role in regulating stage 
transitions during development. Since the structure and 
protein composition of the cuticle are sensitive assays 
of the developmental age of the hypodermis, it should 
be possible to exploit stage-specific cuticle differences 
(and cuticle mutants) to identify and characterize ad- 
ditional genes in the regulatory network that controls 
cuticle type switching during development. 
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