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The embryonic cell lineage of Caenorhabditis elegans has been traced from zygote to newly hatched larva, with the
result that the entire cell lineage of this organism is now known. During embryogenesis 671 cells are generated; in
the hermaphrodite 113 of these (in the male 111) undergo programmed death and the remainder either differentiate
terminally or become postembryonic blast cells. The embryonic lineage is highly invariant, as are the fates of the cells
to which it gives rise. In spite of the fixed relationship between cell ancestry and cell fate, the correlation between
them lacks much obvious pattern. Thus, although most neurons arise from the embryonic ectoderm, some are produced
by the mesoderm and a few are sisters to muscles; again, lineal boundaries do not necessarily coincide with functional
boundaries. Nevertheless, cell ablation experiments (as well as previous cell isolation experiments) demonstrate sub-
stantial cell autonomy in at least some sections of embryogenesis. We conclude that the cell lineage itself, complex
as it is, plays an important role in determining cell fate. We discuss the origin of the repeat units (partial segments)
in the body wall, the generation of the various orders of symmetry, the analysis of the lineage in terms of sublineages,
and evolutionary implications.

Contents. Introduction. Materials, methods, and background information. Culture. General biology. Light micros-
copy. Electron microscopy. Strategy of observation. Reliability. Nomenclature. Results and comments. General de-
scription. Invariance. Cell divisions and cell movement. The founder cells. Gastrulation. Later cell movements. Mi-
grations. Programmed cell death. Other nematode species. Tissue description. Hypodermis. Excretory system. Nervous
gystem. Mesoderm (excluding the pharynx). Alimentary tract. Gonad. Cell interaction experiments. Early ablations.
Body musecle from C and D. MS lineage. AB lineage. Other late ablations. Summary. Discussion. Invariance, cell
autonomy, and cell interaction. Embryonic germ layers and cell fate. Lineal boundaries and functional boundaries.
Segments. Sublineages. Programmed cell death and sexual dimorphism. Rotational symmetry. Symmetry and asym-

metry. Conclusion.

INTRODUCTION

This report marks the completion of a project begun
over one hundred years ago-——namely the determination
of the entire cell lineage of a nematode. Nematode em-
bryos were attractive to nineteenth century biologists
because of their simplicity and the reproducibility of
their development, and considerable progress was made
in determining their lineages by the use of fixed spec-
imens (reviewed by Chitwood and Chitwood, 1974). By
the technique of Nomarski microscopy, which is non-
destructive and yet provides high resolution, cells can
now be followed in living larvae (Sulston and Horvitz,
1977; Kimble and Hirsh, 1979; Sternberg and Horvitz,
1981) and eggs (Deppe et al., 1978; this paper). The use
of living material lends a previously unattainable con-
tinuity and certainty to the observations, and has per-
mitted the origin and fate of every cell in one nematode
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species to be determined. Thus, not only are the broad
relationships between tissues now known unambigu-
ously but also the detailed pattern of cell fates is clearly
revealed.

Our current interest in the cell lineage of a particular
nematode, Caenorhabditis elegans, has arisen as part of
a larger research effort comprising genetic, anatomical,
and biochemical approaches to the development of this
animal. The lineage is of significance both for what it
can tell us immediately about relationships between cells
and also as a framework into which future observations
can be fitted.

The main purpose of this article is to present the
embryonic cell lineage. A brief description of morpho-
genesis is given, although this is not intended to be an
exhaustive account of cell movements and interactions.
A few cell ablation experiments are described; these
results are limited in scope, but do give some indication
of the developmental flexibility (or lack of it) in the
gystem. In addition, a key to differentiated cell types is
provided as an Appendix.
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FIG. 1. General anatomy of newly hatched L1 larva, left lateral aspect, body wall cut away to midline. Part of the intestine is also cut away to show two of the four longitudinal
bands of body muscle embedded in the hypodermis. Neuronal cell bodies are represented schematically. Most of the sensilla (amphids, cephalies, inner labials, outer labials,

together with a number of accessory neurons) are grouped around the mouth (Ward et al,, 1975; also shown schematically in Fig. 18); elsewhere are the anterior deirids (paired,

lateral, over rear bulb of pharynx), the phasmids (paired, lateral, posterior to lumbar ganglia), and the microtubule neurons (longitudinal lateral mechanoreceptors, one pair

anterior and one pair posterior; Chalfie and Sulston, 1981). Body cavity is termed a pseudocoelom, since intestine is in direct contact with body wall. Principal changes during
postembryonic development are: overall increase in size; growth and maturation of the gonad; formation of vulva (midventral) in hermaphrodite, and copulatory bursa (posterior)
in male, both with associated musculature; cell division in hypodermis and ventral nervous system. Sensilla generated postembryonically are: postdeirids (paired, lateral, between

gonad and anus) and ventral microtubule neurons in both sexes; numerous sensilla in the male copulatory bursa (Sulston et al, 1980).
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MATERIALS, METHODS, AND
BACKGROUND INFORMATION

Culture

Caenorhabditis elegans (Bristol), strain N2, was main-
tained according to Brenner (1974). Turbatrix aceti and
Aphelencoides blastophthorus were kindly given to us by
David Hooper, Rothamsted Experimental Station, Har-
penden, Herts, England; Panagrellus redivivus was ob-
tained from Rothamsted in 1976, and is the strain stud-
ied by Sternberg and Horvitz (1981, 1982). T. acet: and
P. redivivus were maintained in the same way as C
elegans; A. blastophthorus was grown on NGM plates
infected with mixed fungi.

General Biology of C. elegans

C. elegans is a free-living nematode which has two
sexual forms: a self-fertilising hermaphrodite and a
male. Development begins in the egg, and continues
through four larval stages (L1-L4) to the adult. A newly
hatched L1 is depicted in Fig. 1.

The general anatomy of the newly hatched L1 larva
has been described by Sulston and Horvitz (1977). As
far as it goes this account is accurate except for the
precise cell count in the head and the omission of the
intestino-rectal valve (virLh and virR, see Figs. 1 and
8c). Postembryonic cellular development has been de-
scribed for the gonad by Kimble and Hirsh (1979), for
the male tail by Sulston et al (1980), and for other sys-
tems by Sulston and Horvitz (1977). Other references
will be found in the tissue-by-tissue deseription below.

Light Microscopy

C. elegans eggs were transferred from plates which
contained ample bacteria to water in a watch glass; al-
ternatively, young eggs were obtained by cutting gravid
hermaphrodites in water. With the help of a 50X dis-
secting microscope about 50 eggs of approximately the
required age were selected; they were transferred to a
layer of 5% agar, any that were in contact were moved
apart with a fine hair, and they were viewed by No-
marski opties (Sulston and Horvitz, 1977; Sulston et al,,
1980). A single egg which happened to be at the required
stage and in an appropriate orientation was chosen for
observation. Representative specimens are shown in
Fig. 2.

T. aceti eggs normally develop within the parent; they
are both mechanically and osmotically fragile, and were
therefore mounted on 1% agar in isotonic medium. Agar
was dissolved in boiling water to a concentration of 2%,
cooled to about 50°C, and mixed with an equal volume
of a solution containing 180 mM NaCl, 8 mM KCl, 36
mM CaCl,, 36 mM MgSO,, 10 mM Hepes, pH 7.2 (cf



F1aG. 2. Photomicrographs of embryos. (a-h) Nomarski optics, Microflash, anterior to left. Bar = 10 um. A few landmark features are marked
on the photographs, but no attempt has been made to label all the cells; for reliable identifications the line drawings should be used, preferably
in conjunction with at least some tracing of the lineage. (a) Just before first cleavage. Midplane. Male and female pronuclei are apposed;
first polar body visible beneath eggshell at anterior end (where it typically but not invariably resides). (b) Beginning of gastrulation. Left
lateral aspect, midplane; cf. Fig 5. Ea and Ep are moving dorsally, into the interior. P, is recognisable by its small size, by the germinal
plasm or nuage (arrowed; Strome and Wood, 1982; Krieg et al., 1978) around its nucleus, and by the distinctness of its nuclear membrane.
(c) Late gastrulation (ca. 210 min). Ventral aspect, superficial plane; cf. Fig. 6. The cleft through which the MS cells have just entered is
starred. (d) ca. 280 min. Dorsal aspect, superficial plane; cf. Fig. 7a. Small neuroblasts anteriorly; larger hypodermal cells, loaded with
granules, posteriorly. Furrows can be seen between hypodermal cells (cf. Fig. 10). White arrow, dying ABarpaaapp; black arrows, ADEshL
and ADEshR. (e) ca. 260 min. Ventral aspect, superficial plane; cf. Fig. 7b. Small neuroblasts over entire surface. Dying cells (arrowheads)
are engulfed by their sisters (arrowed): ABplpappaa, ABplpppapa, ABprpppapa. (f) ca. 280 min. Dorsal aspect, midplane. int, cylinder of
intestinal cells, nine nuclei in this focal plane, cytoplasm heavily loaded with granules; ph, e¢ylinder of pharyngeal cells, less distinctive,
contain few granules, (g) First movement (ca. 430 min). Left lateral aspect, midplane; cf. Fig. 8c. int, intestine; ph, pharynx; white arrowhead,
anterior sensory depression; black arrowhead, rectum; arrows, dorsal hypodermal ridge, heavily loaded with granules. (h) Threefold, rolling.
Only the anterior two-thirds of the embryo is in focus. White arrowhead points to mouth, linked by pharynx (ph) to intestine (int). Arrows
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F1G. 2—Continued.

point to germ cells. (i) ca. 430 min; electron micrograph of transverse section to show phagocytosed cells. Recent death (starred) lies within
a ventral hypodermal cell; older death (arrowed) lies within a pharyngeal muscle. Pharyngeal lumen seen at upper right, surrounded by
desmosomes between muscles and marginal cells. Outer surface of embryo, seen at lower left, is covered by a tenuous membrane in addition
to the hypodermal basement membrane. Bar = 1 um. (j) ca. 470 min; electron micrograph of transverse section, to show protrusion of lobes
from germ cell (Z2) into two intestinal cells (int). Germ cells are united via lobes, but Z3 is not visible in this section. Germinal plasm or

nuage (arrowheads; cf. Fig. 2b) visible around Z2 nucleus. Lumen (lu) of intestine is sealed by desmosomes; its wall carries microvilli. Bar
=1 pum.
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F1G. 3. The embryonic cell lineage of C. elegans. All interconnecting lines between the separate panels have been drawn, so that the pages
can be copied, trimmed, and pasted together to give a complete chart. Vertical axis represents time at 20°C, from 0 min at first cleavage to
800 min at hatching. Many of the observations were made on eggs which were developing at slightly different rates (due to temperature
variation and the effect of prolonged illumination); these primary results were normalised, by means of certain prominent cell divisions, to
the course of events in eggs which were kept at 20°C and viewed infrequently. The precise times of individual events were not our primary
concern, and should not be taken too seriously; the likely error varies from +10% at the beginning of the lineage to +2% at 400 min. Horizontal
axis represents the direction of cell division. The majority of divisions have a marked anterior-posterior bias, and are shown with anterior
to the left and posterior to the right, without any label. Only when this would lead to ambiguity in naming the daughters is an alternative
direction indicated (1, left; r, right; d, dorsal; v, ventral); thus, our system is taxonomic rather than fully descriptive. The natural variation
seen suggests that the precise direction of cell divisions is unimportant, at least in later development. Note that the daughters of a left-
right division are not necessarily bilaterally symmetrical: for example, all the cells derived from ABalaaapa lie on the left of the animal
and the right-hand daughters lie nearer the midline. Each terminal branch of the embryonic lineage is labelled either with X (indicating
cell death; the position of the X on the time axis indicates the time of maximum refractility) or with a lineage name followed by a functional
name. Large arrowheads denote cells which divide postembryonically, and small arrowheads denote nuclei which divide postembryonically,
Symbols O and --- link precursors which give rise to bilaterally symmetrical groups of cells, the symbol ~ being included for cases of
imperfect symmetry (see: Sublineages; Symmetry and Asymmetry). cord, ventral cord; gang, ganglion; lumb, lumbar; d-r, dorsorectal; p-a,
preanal, r-v, retrovesicular; lat neur, isolated neuron lying laterally.
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F1G. 3—Continued.

Laufer et al, 1980). A single gravid adult was cut in
half in water, and the extruded eggs were immediately
pipetted onto a prepared agar layer. Even with these
precautions, development continued for only about 7 hr,
representing one-quarter of embryogenesis in 7. acetz.
However, the successive cell patterns were reproducible
(and also similar to those of C. elegans), so the lineage
could be traced unambiguously as described below
(Strategy of Observation).

P. redivivus eggs were mounted like those of T. aceti,
except that the gravid adults were placed directly on
the agar layer and cut in half with scissors; the eggs
were gently moved away from their parents with a fine
hair.

A. blastophthorus eggs were teased out from agar/
fungal blocks into water, and mounted like those of C.
elegans.

Electron Microscopy

The egg shell excludes the usual fixatives and embed-
ding media, and must be made permeable in some way
before conventional methods can be applied.

The eggs examined in the course of the present work
were first treated with NaOCI (2% available chlorine,
5-10 min); they were then fixed with 0sO4 (1%, 1 hr)
and embedded and sectioned in the usual way (Ward et
al., 1975). In an improved version of this method the
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Fi1G. 3—Continued.

egg is treated with chitinase or 1-phenoxy-2-propanol
after the NaOCI, and then prefixed with glutaraldehyde
(Albertson and Thomson, 1982).

Permeabilisation with hypochlorite is always rather
erratic; a better method for dealing with an individual
egg is to puncture the shell with a laser microbeam
(Schierenberg and Cole, in von Ehrenstein et al., 1981).

For reconstruction of the anterior sensilla, L4 larvae
and adults were prepared as follows. The nematode was
transferred to 3% glutaraldehyde in 0.1 M Hepes, pH
7.4, and immediately cut in the posterior half. After
about 2 min a second cut was made in the anterior half;
after 1 hr the head was washed three times with 0.1 M
Hepes, pH 7.4, and then postfixed with 1% OsO, in the

same buffer for 1 hr. The specimen was embedded as
usual (Ward et al, 1975), and about 200 serial sections
were cut from the anterior tip.

Strategy of Observation

All of the embryonic lineage was followed by direct
observation. This method currently gives the best res-
olution in space and time, but has the disadvantage that
the number of cells which ean be followed in a single
individual is limited by the short-term memory of the
observer. Events were recorded by sketching the nuclei,
using a colour code to indicate depth. A camera lucida
was used at first, but the effective resolution was re-
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Fic. 3—Continued.

duced by this accessory, and the additional illumination
required tended to damage the specimen. The best aid
proved to be a pair of gossamer cross hairs in one eye-
piece, under which the nucleus of interest could be lo-
cated with the help of a gliding stage. The light was
blocked whenever the specimen was not being viewed.

The earlier part of the lineage was also analysed us-
ing videotape recordings, and much of this work has
already been described (Deppe et al., 1978). The advan-
tages of this technique are considerable: a permanent
record is created, in which the cell lineage can be fol-
lowed at leisure and in which long-range comparisons
of cell movements and the timing of events can be made.

However, it was not possible to trace the later cell di-
visions, particularly those taking place in the interior
of the embryo, in this way. In order to resolve a small
dividing nucleus it is necessary to be able to focus
through it without jitter or excessive electronic noise,
and at frequent intervals; this is not easily achieved
with current equipment. Nevertheless, videotaping re-
mains the technique of choice for studying early em-
bryogenesis both in the wild type and in mutants and
experimental animals.

Fortunately for the direct observer, it is unnecessary
to follow the lineage from the beginning for each ter-
minal cell. The developing egg displays a succession of
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lier and checking the arrangement of sister cells.

reproducible patterns, in which previously identified diagrams unambiguously by starting one division ear-

cells can be recognised. Some of the more useful ones
are shown in Figs. 5-8. Although these diagrams were

prepared with the aid of a camera lucida they are not

When placed on an agar layer under a coverslip, the
embryo adopts a predictable, though age-dependent,
orientation. At the four-cell stage it turns to display
either the left or the right side; at gastrulation (100-

intended to show the absolute positions of cells, which

in any case vary appreciably from one individual to

another; what is reproducible is the neighbourhood of 150 min) it turns from left to dorsal or from right to

ventral (these turns are only about 45°, because of the
arrangement of blast cells); finally, at 350-400 min, the

growing tail forces a return to a lateral aspect. No means
of constraint compatible with good resolution was found

each cell at a given time. The patterns change rapidly,
but the behaviour of each cell is characteristic and pro-

vides an additional check on its identity. An inexperi-

enced observer should be able to identify nuclei in the
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of animals at this stage), because thereafter observa-
tion is much more difficult on account of movement of

to prevent these turns, but they were controlled by se-
lection of obliquely oriented embryos at appropriate

times.

the embryo. The most reliable assignments at this time

are for cells which have already formed desmosomes or
other structural connections (i.e.,, hypodermis, body

Cell deaths were recognised by a characteristic in-
crease in refractility, followed by shrinkage and dis-

appearance (Sulston and Horvitz, 1977; Robertson and muscles, sensory nervous system, alimentary tract) but

Thomson, 1982).

some useful clues to the identity of other neurons can
be gleaned from the initial outgrowth of their processes.

The final step in our analysis was to identify the sur-
viving cells in terms of the known larval and adult anat-

The cells which were not identifiable at this stage

in small groups until the animal hatehed. These obser-

omy. As many cells as possible were identified at 430 (mainly interneurons and motorneurons) were followed

min (by comparison with serial section reconstructions
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vations are tedious because from 450 min onwards the
embryo rotates continually about its longitudinal axis,
and it is necessary to train the eye to rapid pattern
recognition for each cell group in turn. After hatching,
some cells were identified from previously known L1
anatomy (J. G. White ef al, unpublished) and the re-
mainder were traced into the adult. This is a relatively
easy task because the larvae do not rotate and the pat-
terns change only slowly, so that an entire ganglion can
be followed in one individual.

Reliability
The lineage is based on a minimum of two direct ob-

servations for unique events, and one direct observation
on each side for bilaterally symmetrical events. How-

ever, the great majority of events received considerably
more confirmation than this. In addition, the earlier
part of the lineage, extending to the terminal divisions
in the intestine and the lateral hypodermis, was fol-
lowed independently by videorecording.

Perhaps it is too much to hope that we have entirely
avoided errors. It is worth emphasising, however, that
any which have arisen are clerical in nature; there are
no guesses, and the validity and reproducibility of a
particular event can readily be checked by further ob-
servation.

Nomenclature

The system of lineage nomenclature is essentially that
described by Sulston and Horvitz (1977). Certain key
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blast cells are given arbitrary names comprising up-
percase letters and numbers; their progeny are named
by adding lowercase letters indicating the approximate
division axis according to an orthogonal coordinate sys-
tem (a, anterior; p, posterior; 1, left; r, right; d, dorsal;
v, ventral); the next generation of cells is named by
appending further letters in the same way; and so on.
Existing blast cell names have been retained as far as
possible, but certain changes are desirable to avoid con-
fusion whilst conforming to our system: MS was for-

merly MSt, U was E, Y was C, W was “P0.a,” QL was
Q1, and QR was Q2. It should be noted that AB and B
are entirely separate names, as are Py-P, and P1-P12.
A pair of cells may be designated by the use of internal
parentheses, e.g.,, MS(3)pa means MSapa and MSppa.
Pairs of identical postembryonic cells, lying on the left
and right sides of the animal, have previously been given
identical names; they are now distinguished by the ad-
dition of symmetry operators, as defined in the next
paragraph. Sometimes developmental stages are named
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after the number of progeny generated by a particular
founder cell; e.g., MS® means that MS has divided into
eight cells.

Functional names are listed alphabetically in the Ap-
pendix, and follow a variety of systems:

Neurons and supporting cells other than those in the
pharynx: White et al., (in preparation). This system is
largely self-explanatory (see Appendix), but note that
it uses symmetry operators as suffixes to distinguish
cells which differ only in position (A, anterior; P, pos-
terior; D, dorsal; V, ventral; L, left; R, right).

Pharynx: Albertson and Thomson (1976), with the
addition of symmetry operators.

Hypodermis: See Figs. 12-14; symmetry operators are
used for the arcades and hypodermal rings 1 and 2.

Muscle: see Fig. 15.

Gonad: Kimble and Hirsh (1979).

Intestine: see Fig. 8c.

In descriptions of cell division the terms “equal” and

“unequal” refer to the relative sizes of the daughters;
“symmetrical” means that the daughters not only are
equal in size but also are (or subsequently become) dis-
posed symmetrically across the midline; “equational”
means that the daughters are supposedly of equal de-
velopmental potential.

RESULTS AND COMMENTS
GENERAL DESCRIPTION

Invariance

The development of the embryo has proved to be es-
sentially invariant (Fig. 3). There seems to be no nat-
urally occurring indeterminacy like that found postem-
bryonically in the gonad (Kimble and Hirsh, 1979), the
ventral hypodermis, and the male tail (Sulston and
Horvitz, 1977).
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Cell Divisions and Cell Movement

The majority of cell divisions take place during the
first half of embryogenesis. During the second half, the
embryo changes greatly in external appearance: it elon-
gates more than threefold, moves actively, synthesises
cuticle, and initiates pharyngeal pumping before break-
ing out of the egg. This does not mean, however, that
in the first half of embryogenesis there is no differen-
tiation. On the contrary, by 430 min (the stage shown
in Fig. 8), gastrulation and organogenesis are complete
and the majority of the desmosomes seen in the L1 larva
have already been made; subsequent events involve
principally stretching and functional maturation of cells.

The Founder Cells

The fertilised egg cleaves into a larger anterior and
a smaller posterior daughter. The latter (P;) is a stem-

Cell Lineage of a Nematode Embryo 79

like cell which continues to cleave unequally for a fur-
ther three rounds of division (Fig. 9); it is then named
P,, and is the ancestor of the germ line. The anterior
daughters AB, C, and D are called founder cells, and
divide approximately equally with characteristic peri-
ods (Chitwood and Chitwood, 1974; Deppe et al, 1978);
the anterior daughter EMS divides unequally into the
founder cells MS and E, which then proceed to divide
equally. At one time the various founder cells were
thought to give rise to discrete tissue types and were
named accordingly; as will be seen later, it is actually
not possible to classify all of them in a precise way and
so this terminology will not be used here. We use the
term “founder cell” (Schierenberg and Cassada, 1982)
in preference to the classical “stem cell,” which nowa-
days has a rather different connotation; an alternative
expression is “embryonie blast cell” (Laufer et al., 1980).

In addition to dividing with a characteristic period,
the clone of cells derived from each founder cell behaves
in a characteristic way, as follows:

AB. Starting from the anterior part of the egg, the
cells spread over the entire surface except for the pos-
terior dorsal region. Some of them lie inside the head
temporarily at an early stage. Towards the end of gas-
trulation the AB pharyngeal precursors enter the in-
terior through the ventral side of the head, and, later
still, four muscles and the rectal cells sink into the ven-
tral surface of the tail.

MS. Divides to eight cells on the ventral surface. In
the course of the next two rounds of division the pha-
ryngeal precursors sink inwards and form two rows in
the head; meanwhile, the body muscle, coelomocyte, and
somatic gonad precursors insinuate themselves be-
tween the intestine and the surface layer of AB cells.

E. Generates only intestine. Divides ventrally into
two cells, which are the first to enter the interior in the
course of gastrulation. Further division leads to a cyl-
inder of cells with distinctively granular cytoplasm lying
along the body axis.

C. Starting from the posterior dorsal side of the em-
bryo, the cells spread anteriorly and posteriorly. The
most posterior ones are body muscle precursors, which
travel round to the ventral side and enter the interior
immediately after D. Most of the remaining cells are
employed in forming the dorsal hypodermis over the
posterior two-thirds of the body; their nuclei migrate
contralaterally (see Migrations).

D. Generates only body muscle. Enters the interior
after division to four cells, at the same time as
MS(;)p.

P,. Generates only germ line. Enters the interior af-
ter B, and divides into two cells which extend lobes into
the intestine (Fig. 17).
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Fic. 4. Marker events and count of living nuclei during embryogenesis. Fertilisation is normally at —50 min. Note that the comma stage
is defined in a precise way, as the moment at which the ventral surface of the tail lies perpendicular to the long axis of the egg.

Gastrulation

At 100 min after first cleavage, when the egg com-
prises 28 cells, gastrulation begins (Fig. 5). The first
cells to enter the interior are Ea and Ep, which con-
stitute the endoderm; they sink inwards from the ven-
tral side, near the posterior end of the embryo. Next,
at 120-200 min, are P, and the progeny of MS. The entry
zone widens and lengthens, spreading first posteriorly

as most of the remaining myoblasts (derived from C
and D) enter (180-230 min), and then anteriorly as the
AB-derived part of the pharynx enters (210-250 min).
The ventral cleft closes from posterior (230 min) to an-
terior (290 min). As gastrulation proceeds, the clone of
E cells and the precursors of the pharynx form a central
cylinder, while the body myoblasts insinuate themselves
between this cylinder and the outer layer of cells.
Although most of the myoblasts enter the body
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cavity during gastrulation, two do not. These are
ABp()pppppa, which do not sink inwards until the time
of their terminal divisions at 290 min.

Later Cell Movements

At 250 min the ventral side is occupied largely by
neuroblasts. During the following hour the latter un-
dergo their last major round of division, and their prog-
eny become covered by a sheet of hypodermis which
grows circumferentially from a row of lateral cells on
each side. Although there is a sufficient latero-ventral
movement of cells to fill the gap left by the entry of the
pharyngeal precursors, there is not a general flow of
neural tissue through the ventral cleft. Dorsal and lat-
eral neuroblasts sink directly inwards and their prog-
eny become covered by adjacent hypodermal cells.

Migrations

As in postembryonic development, many cells move
short distances past their neighbours but only a few
embark upon long-range migrations. It seems that the
lineage not only generates cells of the correct types but
also places them, for the most part, in appropriate po-
sitions. The way in which this may have come about is
suggested later (see Conclusion).

The cells that migrate furthest are: the postembryonic
mesoblast M and its contralateral homologue mu int R
(Fig. 16); the somatic gonad precursors Z1 and Z4 (Fig.
16); CANL and CANR, which move from the anterior
end to a point midway along the body (Figs. Ta, 8a, 14);
HSNL and HSNR, which move from the posterior end
to a point midway along the body (Figs. 8a, 14); ALML
and ALMR, which move posteriorly from the anterior
end of the intestine (Figs. 8a, 14). All these migrations
are longitudinal. The most extensive circumferential
migration is that of the head mesodermal cell (hme)
and its contralateral homologue, but many of the body
muscles also move circumferentially as they assemble
into rows.

The group of cells which forms most of the dorsal
hypodermis exhibits nuclear migration as opposed to
cellular migration (see Fig. 10). These cells are born
subdorsally, in two longitudinal rows; a cytoplasmic
process grows circumferentially from each cell across
the dorsal midline, and after a time the nucleus mi-
grates along this process until it lies on the opposite
side of the embryo. This type of migration is analogous
to that seen postembryonically in the P cells (Sulston
and Horvitz, 1977), and it is therefore interesting that
mutations at two loci interfere with both processes
(Sulston and Horvitz, 1981).
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Programmed Cell Death

In the course of the lineage, one in six of all cells
produced subsequently dies; their identity and the ap-
proximate times of their deaths are predictable. The
mode of death is similar to that seen previously in the
postembryonic lineages (Sulston and Horvitz, 1977,
Robertson and Thomson, 1982). In some cases death
occurs several hours after birth, so that it is possible
for the cells to function in some manner before being
discarded. A good example is the pair of tail spike cells,
which fuse together, form a slender bundle of filaments
in the tip of the tail, and then die. At the other extreme
are the majority of programmed deaths, which occur
20 to 30 min after birth; these cells are born with very
little eytoplasm, and die without differentiating in any
obvious way. The limited sexual dimorphism seen in the
embryo is a consequence of differential cell death (see
Nervous System).

All the dying cells are promptly phagocytosed by their
neighbours (cf. Robertson and Thomson, 1982). During
the first wave of deaths, when the surviving cells are
relatively large and rounded, this process can be fol-
lowed by light microscopy; the engulfing cell is almost
always the sister of the dying cell at this time (Fig. 2e).
Later on, cell boundaries cannot usually be resolved by
light microscopy but electron micrographs show that
all dying cells (identified by their high electron density)
lie within other cells (Fig. 2i); the principal phagocytes
now seem to be the hypodermis (both seams and syn-
cytia) and the pharyngeal muscles, though one death
(possibly MSpaapp, which tends to be delayed) was found
in the anterior intestine.

Other Nematode Species

Previous research showed convincingly that the pat-
tern of early cleavage was uniform in the nematodes
examined (all of which belong to the class Secernentea
(Chitwood and Chitwood, 1974)). However, authors
working on different species disagreed about the tissues
to which certain founder cells gave rise; these disagree-
ments may have been due either to the difficulties of
interpreting observations on fixed specimens or to gen-
uine differences between the species.

The most interesting discrepancy is in the origin of
the somatic gonad, which was reported to arise from
the founder cell P, in the nematodes Turbatrix acet:
(Pal, 1927), Ascaris megalocephala (Boveri, 1892; but not
sustained in later reports), and Bradynema rigidum (zur
Strassen, 1959). Given the consistency of the early
cleavage pattern of nematode embryos, a switch in the
origin of such a vital tissue would be surprising indeed.
Other discrepancies are in the fates of C progeny (said
to be only five, and exclusively ectodermal, in T. acet:
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FiGs. 5-8. Drawings of embryos. Circles and ovals represent nuclei, traced by means of a camera lucida, the thickness of the lines being
inversely related to depth; outlines of the egg, embryo, and internal structures are traced with thin lines (regardless of depth). Anterior is

towards the top of the page. Dying nuclei are stippled.

FIG. 5. Embryo, 100 min, left dorsal aspect; all nuclei included; cf. Fig. 2b. This stage has already been well characterised (Krieg et al,
1978), and the observer quickly learns to recognise all the nuclei; it is a useful starting point both for lineages and for ablation experiments.
An embryo in the orientation shown will present a dorsal aspect until it turns at 850 min; an embryo with the MS cells uppermost will
present a ventral aspect. The intestinal precursors are entering the interior, leaving a characteristic depression on the ventral side.
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F1G. 6. Embryo, 200 min, ventral aspect, late gastrulation. The orientation of the egg can be recognised by the prominent ventral cleft; cf.
Fig. 2c. All progeny of MS, E, D, and P, are shown, together with AB-derived pharyngeal precursors and C-derived myoblasts; other AB
progeny (unlabelled) are included for perspective. MSaa and MSpa have each formed a chain of eight cells, of which all but the posterior
two have entered the interior. The derivatives of ABaraap have also entered, and the remainder of the AB pharyngeal precursors will soon
follow. Posteriorly, the mesodermal precursors derived from C and D are also entering the cleft. The germ line and the intestine can be seen
lying more dorsally. The division of ABplpappa (earlier than its neighbours and very unequal) is a useful time point. Embryos of this age,
but viewed from the dorsal side, were used as starting points for lineages of the dorsal pharynx and dorsal body muscle.
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F1G. 7Ta. Embryo, 260 min, dorsal aspect, superficial nuclei; ¢f. Fig. 2d. Landmarks: nuclei of hyp4-hyp7, cell deaths; time points: division
of various neuroblasts. The dorsal hypodermal cells have very granular cytoplasm and form prominent transverse ridges. In Fig. 7 some
licence has been allowed in depicting cell deaths, because of their importance in pattern recognition; in fact, they do not all become refractile
simultaneously.
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FiG. 7b. Embryo, 270 min, ventral aspect, superficial nuclei; of. Fig. 2e. Landmarks: excretory cell, cell deaths; time point: division of mother
of excretory cell. The gap anterior to the excretory cell contains pharyngeal and buccal precursors which are entering the interior.
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(Pai, 1927)) and D progeny (reported to form the rec-
tum, by several authors; reviewed by Chitwood and
Chitwood (1974)). However, the latter assignment seems
to be hypothetical, since it rests solely on the obser-
vation that the D cells enter the interior of the embryo.
In order to go some way towards resolving these un-
certainties, we have followed a few lineages in other
nematode species.

The results for 7. aceti are shown in Fig. 11. We find
that this nematode is identical with C. elegans in the
following respects: the origin of the somatic gonad and
the germ line (cell assignments based on morphology
at hatching); the origin and behaviour of “M” and its
contralateral homologue (followed to the equivalent of
320 min, cf. Fig. 16); the behaviour of the progeny of C
and D (followed explicitly to the equivalent of 230 min,
by which time the mesoblasts are distinctive). T. acet:
differs from C. elegans within the endoderm lineage, and
it will not be surprising if it also differs in details of
the MS and AB lineages.

We have also followed the origin of the founder cells
and certain later lineages in the embryo of Panagrellus
redivivus. This nematode is of interest because Stern-
berg and Horvitz (1981, 1982) have shown that its post-
embryonic lineage is quite similar to that of C. elegans,
and that the newly hatched animal contains the same
set of blast cells with one addition. We find that this
extra blast cell, known as T3, has the embryonic an-
cestry Caappa, it is therefore homologous with the neu-
ron PVR of C. elegans. On the basis of Nomarski mi-
croscopy, PVR is absent from P. redivivus (Sternberg,
personal communication). P. redivivus proved to have
the same endodermal lineage as T. aceti, to which it is
closely related (Ritter, 1975); in one individual, however,
division of Ea(!)ap resulted in an intestine having 20
cells instead of the usual 18.

zur Strassen (1959) based his conclusion—that in B.
rigidum P, yields the somatic gonad—upon the obser-
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vations that P, divides in the embryo and that the newly
hatched larva contains only one germ cell. Although we
were not able to obtain B. rigidum, we investigated an-
other member of the order Tylenchida, Aphelencoides
blastophthorus, which similarly contains a single germ
cell at hateching. We find that P, does not divide in the
embryo of A. blastophthorus, and becomes the solitary
larval germ cell. Comparison with the detailed draw-
ings provided by zur Strassen (1892) shows that the
early cleavages of the two nematodes are very similar
and reveals the reason for the discrepancy: he had in-
advertently reversed anterior and posterior, so that the
dividing cell which he took to be P, was in fact one of
the AB group.

In conclusion, although differences of detail have been
seen, the general pattern of cell fates shown in Fig. 9
is correct for the two rhabditids C. elegans and T. acett,
and may well be conserved throughout the class Secer-
nentea.

T1SSUE DESCRIPTION
Hypodermis

The hypodermis is a sheet of cells which forms the
outer surface of the nematode and secretes the cuticle.
Its postembryonic development has been described by
Sulston and Horvitz (1977), and other aspects have been
discussed by White (1974) and by Singh and Sulston
(1978), but no comprehensive account has previously
been given.

In the newly hatched L1 the anterior part of the hy-
podermis consists of a series of cylindrical syncytia
linked together by desmosomes. These cylinders are
numbered hypl to hyp7 from the mouth posteriorly (Fig.
12). The anterior and posterior arcades, which are his-
torical names for the specialised hypodermis which lines
the mouth (Chitwood and Chitwood, 1974), follow the

F1G. 8. This figure illustrates the arrangement of all left and central nuclei at 430 min after first cleavage; the right-hand side is a mirror
image of the left, except where otherwise indicated. The three parts roughly represent three planes of focus (from superficial to central),
but there is considerable overlap between them. The anterior sensory depression (not a mouth opening—see text) is at the top and the
lengthening tail, terminating in the spike, curves round to the left. On the ventral side of the tail the rectal opening has appeared, and on
the ventral side of the head the excretory duct leads to the excretory pore. Since the major hypodermal migrations are complete at this
stage, the ancestry of nuclei in hyp3-hypll can be inferred from Fig. 13.

FIG. 8a. Left lateral ectoderm. No midplane nuclei are included, but the outlines of the pharynx, intestine, and gonad are shown for reference.
Nuclei which will soon divide are labelled with the names of both presumptive daughters. The parent of QL and V5L is named QV5L. The
pattern on the right is identical, except that: the homologue of hypll is PVR; an extra hyp7 nucleus (ABarpaappp) lies dorsal to H2R; there
is no hyp2 DR.

FIG. 8b. Left and central mesoderm (excluding pharynx). M, mu int R, hme, and MSpppaaa lie in the midplane. Unlabelled nuclei are in
body muscles. The pattern on the right is identical, except that ABprpppppaa and ABprpppppap become a body muscle and the sphineter
muscle, respectively, and lie slightly more anteriorly than their left-hand homologues.

FI1G. 8c. Intestine, gonad, left central pharynx, and ectoderm; cf. Fig. 2g. The pattern on the right is identical, except that: the homologue
of G2 is W, of I6 is M1, of U is B, and of K is K’; an asymmetric neuron RIS (ABprpappapa) lies anterior to AVKR.
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FiG. 9. Generation of the founder cells, and a summary of cell types derived from them. Areas of circles and sectors are proportional to
number of cells. Stippling represents typically ectodermal tissue and striping typically mesodermal tissue.

same plan. hyp7 extends back on the dorsal side and
encircles the body again at the anus; the midventral
surface is occupied by the P cells (ventral cord blast
cells). The tail is completed by three mononucleate cells
(hyp8,9,11) and a binucleate cell (hyp10). All the hy-
podermal syncytia arise as mononucleate cells which
subsequently fuse together.

On each side of the animal there is a longitudinal row
of specialised hypodermal cells, called seam cells (HO-
H2, V1-V6, T); they remain separate from the rest of
the hypodermis, and are responsible for making the
lateral cuticular ridges known as alae (Singh and Suls-
ton, 1978). All except HO are blast cells in the wild type,
and even HO has been seen to divide in certain mutants
(E. Hedgecock, personal communication).

The location of the larger hypodermal nuclei in the
L1 is shown in Figs. 13 and 14. During postembryonic
development many more nuclei, generated by division
of the seam cells and P cells, are added to hyp7, which
comes to occupy most of the body surface. For this rea-
son hyp7 has been called the large hypodermal syncy-
tium.

Embryonically, the hypodermis is derived from the
founder cells AB and C. The dorsal nuclei undergo a
strange contralateral migration in midembryogenesis
(see Migrations). The finely tapering spike of the tail is
formed by a process which passes posteriorly through
hypl0 and contains a bundle of filaments; the process
is formed by a binucleate cell (ABp(})ppppppa) which
subsequently dies. The dorsal ridge of hyp7 seems to
act as a storage organ during late embryogenesis; the

concentration of refractile granules in it becomes more
and more marked while that in the intestine diminishes.

The pattern of generation of the postembryonic blast
cells (nearly all of which are hypodermal at hatching)
is more intriguing than informative. Most of the seam
cells are made from ABarpp, but V3 and V5 are closely
related to the P cells. The special origin of V5 is not
unexpected, in view of its unique postembryonic pro-
gramme (Sulston and Horvitz, 1977); on the other hand,
there is no known difference in behaviour between V3
and the other seam cells. By ancestry, the P cells fall
neatly into the equivalence groups previously revealed
by postembryonic laser ablation (Sulston and White,
1980); embryonic laser ablations are consistent with the
hypothesis that the equivalence groups are determined
cell autonomously, although these experiments are not
conclusive (see Cell Interaction Experiments).

It is likely that the hypodermis is primarily respon-
sible for the overall architecture of the animal, but the
way in which it achieves this is largely unknown. One
hint comes from ablation experiments in the head, which
suggest that tension in the head hypodermis is neces-
sary for elongation of the tail (see Cell Interaction Ex-
periments). Certainly the cuticle is not involved in the
shaping process, because the first sign of cuticle for-
mation is at 600-650 min. At this time the seam cells
acquire large Golgi bodies visible by Nomarski micros-
copy (ef Singh and Sulston, 1978), and cuticle can be
seen at the mouth and in the rectum. The paired lateral
alae characteristic of the L1 do not appear until just
before hatching, and are apparently generated by cir-
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FIG. 11. Partial embryonic lineage of Turbatrix aceti. Conventions as for Fig. 3. Times (at 22°C) are approximate, for reasons given in text;
the time scale is adjusted to facilitate comparison with Fig. 3. Arrows represent continued division, not followed.

cumferential contraction of the seam-specific cuticle (as
is the case for dauer larva alae (Singh and Sulston,
1978)).

Excretory System

The excretory system has been described by Mounier
(1981) and Nelson et al. (1983). It is derived from AB.
Internally, it comprises four cells: the excretory cell,
the duct cell, and two gland cells (which eventually be-
come fused (Nelson et al, 1983)). A fifth cell surrounds
the excretory pore, and forms the interface between the
excretory duct and the hypodermal syneytia: it is known
as the excretory socket or pore cell. In the embryo, the
socket cell is G1; after hatching, G1 becomes a neuro-
blast and the socket function is taken over by G2; finally,
G2 divides into a neuroblast (G2.a) and the mature ex-
cretory socket (G2.p).

Regulative interaction is seen within the pairs ex-
cretory duct/G1l and G2/W (see Cell Interaction Ex-
periments).

Nervous System

The complete adult nervous system has been de-
scribed by White et al. (in preparation). Regions which
were described previously are: the anterior nervous sys-
tem (Ward et al., 1975; Ware et al., 1975); the ventral
cord (White et al, 1976); the pharynx (Albertson and
Thomson, 1976); the male tail (Sulston et al.,, 1980).

Of the 222 neurons present in the newly hatched L1
hermaphrodite, 2 arise from founder cell C, 6 from MS,
and the rest from AB. All the supporting cells of the
sensilla arise from AB.

The lineage patterns are complex, and will be dis-
cussed later. Most neurons are born fairly close to their
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FIG. 13. Arrangement of larger hypodermal nuclei in newly hatched L1. Schematic cylindrical projection, viewed from within animal.
Brackets indicate pairs of nuclei, of bilaterally symmetrical origin, whose anterior-posterior ordering is uncertain.
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FiG. 15. Arrangement of body muscles at 430 min; schematic cylindrical projection, viewed from within animal. The shapes of the muscles
are not intended to be realistic, but each cell is defined uniquely by its position in the pattern. Note that, with the exception of ABprpppppaa,

the assignments are bilaterally symmetrical.

ultimate positions, though a few migrate long distances
(see Migrations) and many migrate short distances rel-
ative to their neighbours. There are two occasions upon
which mass movements of neuroblasts and neurons are
noticeable. The first (230-290 min) leads to closure of
the ventral cleft at the end of gastrulation. In the second
(about 400 min) the anterior neurons move towards the
tip of the head, and the rudiments of the sensilla are
formed; the neurons then move posteriorly again, the
sensory cell bodies laying down their dendritic processes
as they go. At the same time, a depression appears in
the tip of the head (Fig. 8¢); this does not involve mor-
phogenetic cell death, and is presumably a way of pro-
viding more surface area for the sensilla. The depression

is not a primordial mouth, because it subsequently
everts; the buccal cavity arises further inside, between
the arcade cells.

After 430 min the tip of the head elongates and the
pharynx grows forward through the mass of neurons
surrounding the developing nerve ring; at the same time
the head becomes thinner. The pattern of neurons
changes rapidly at first but stabilises after about 2 hr.
In late embryogenesis it is possible to recognise all the
neurons in the ring ganglion by their positions; at
hatching the arrangement of the most posterior ones
changes in an unpredictable way, perhaps as a result
of pharyngeal movements.

At about 470 min sexual dimorphism becomes visible
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for the first time: in the hermaphrodite the cephalic
companions (CEM) die, whilst in the male the her-
maphrodite-specific neurons (HSN) die. It appears that
these decisions are not made at the time that the cells
are born, because all six behave at first in the same way
in both sexes. In the hermaphrodite the CEMs have
time to grow into the cephalic sensilla, where they form
desmosomes with the sheaths and the cephalic neurons;
in the male the HSNs migrate anteriorly at the same
rate as they do in the hermaphrodite.

In postembryonic development a periodically re-
peated sublineage generates five classes of motorneu-
rons in the ventral cord (Sulston and Horvitz, 1977;
White et al., 1976). In the embryo, however, there is no
such repeated sublineage to produce the three classes
of juvenile motorneurons (DA, DB, and DD) which are
interspersed along the ventral cord (Fig. 14). All that
can be said is that classes DA (together with SAB, the
analogue of DA in the retrovesicular ganglion) and DD
are each generated semiclonally, whilst DB neurons have
a variety of unique origins and are not closely related
to one another.

Mesoderm (Excluding the Pharynx)

The anatomy of the larval mesoderm has been de-
scribed by Sulston and Horvitz (1977).

Of the 81 body muscles present in the 1.1, 80 are gen-
erated in a symmetrical fashion by MS, C, and D; the
remaining one is generated by AB. A schematic eylin-
drical projection of their arrangement is shown in Fig.
15. The pattern of overlaps between the spindle-shaped
cells is already apparent at 430 min, and allows un-
ambiguous assignment at this stage.

The unique AB body muscle is one of a group of four
muscles generated preanally by AB. The two mother
cells of this group (ABp(})pppppa) remain on the outside
of the embryo until their division at 295 min. The other
three members of the group become the anal muscle,
the sphincter muscle, and one of the two intestinal mus-
cles.

The postembryonic mesoblast (M) is born on the left,
next to the pharynx. It migrates posteriorly, following
a distinctive path between the two germ line cells (Fig.
16); it remains on the midline for some time, but then
gradually shifts to the right-hand side of the intestine.
The contralateral homologue of M migrates in a similar
way, preceding M along the midline between the germ
cells, but then differentiates into the second intestinal
muscle.

The head mesodermal cell (hme) is one of a pair of
homologues (sisters to the somatic gonad cells) which
migrate to the dorsal midline. There the two cells align
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pharynx

intestine

F1G. 16. Migration of M, its contralateral homologue (mu int R) and
the cells of the gonad from 250 to 400 min. Ventral aspect. Nuclei are
drawn at 320 min.

themselves anterior-posteriorly and appear very sim-
ilar until late embryogenesis, when the anterior one
dies.

The four coelomocytes are generated symmetrically.
Their reproducible and sexually specific arrangement
arises as a result of later movements, the reasons for
which are not understood.

Alimentary Tract

The alimentary tract is a single tube which comprises
the following components: (mouth), buceal cavity, phar-
ynx, pharyngo-intestinal valve, intestine, intestino-rec-
tal valve, rectum, (anus). Part of it is shown schemat-
ically in Fig. 17.

Buccal cavity, pharynx, and pharyngo-intestinal valve.
The pharynx is a pump which ingests bacteria and
crushes them; it is a complex organ, comprising mus-
cles, structural cells, neurons, and glands. Its anatomy
in the adult has been described by Albertson and Thom-
son (1976); their account needs amendment only in that
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germ line

FiG. 17. Part of alimentary tract, 430 min, schematic. Except for absence of germ line lobes, arrangement is similar in L1. int, rep, vpil, and vpi2 bear microvilli on their

inner surfaces.

the m2 muscles are binucleate. The buccal cavity, which
is formed by the arcade cells and the anterior end of
the pharynx, has been described by Wright and Thom-
son (1981).

All the mechanical elements of these tissues (arcade,
epidermal cells, muscles, marginal cells, valve) can be
recognised in the 430-min embryo by the pattern of
desmosomes which they form. The neurons and glands
of the pharynx were followed until they settled into the
mature pattern of nuclei which persists essentially un-
changed from late embryogenesis to the adult. A series
of cell fusions, which take place either before or soon
after hatching, yield the multinucleate cells seen in the
adult. In muscle class m1l, all six cells fuse together; in
each of the muscle classes m2, m3, m4, and mb5, the six
cells fuse in pairs—DL with DR, L with VL, and R with
VR; in gland class g1, AR fuses with P.

The arcade, pharynx, and pharyngo-intestinal valve
are generated by two granddaughters of MS and three
great-great-granddaughters of AB. These precursors,
however, do not yield exclusively these tissues. At the
anterior end, there are no obvious lineal boundaries be-
tween the future hypodermis, arcade, and pharynx, in
spite of the specialisations which become apparent later.
Conversely, there is no functional boundary between
pharyngeal components derived from MS and those de-
rived from AB. For example, apparently identical cells
arise respectively from MS and AB in muscle rings m3,
m4, and mb (see Appendix), and indeed three MS muscle
cells go so far as to fuse with seemingly identical AB
partners (m4VR with m4R, m5VL with m5L, mbVR
with m5R).

Descendants of the precursors enter the body cavity
from the ventral side during late gastrulation. First to
enter are the MS cells (120-200 min), next are the
ABaraap cells (210 min), and last are the remaining AB
cells (220-250 min). At first the dividing cells form a
cylinder anterior to the intestine; gradually a distinet
boundary appears at the surface of the developing phar-
ynx; then, at about 400 min, it is compressed posteriorly
and becomes almost spherical, but subsequently it grad-
ually elongates, first anteriorly and then posteriorly.
The transient compression coincides with a flux of an-
terior sensory neurons towards the tip of the head (see
Nervous System) but the causal relationship between
these events is unknown.

The three gl gland cells migrate in a reproducible
way. Their movements approximately follow the sub-
sequent course of their secretory processes, and may be
responsible for laying down the latter. The cell bodies
of the anterior muscles and epidermis also move sub-
stantially in late embryogenesis (compare Fig. 8¢ with
Albertson and Thomson (1976)).

The structural elements of the mature pharynx have
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an exact threefold rotational axis of symmetry, yet there
is no trace of a threefold axis in their lineages; rather,
the lineages show approximate bilateral symmetry and
the third symmetry element arises by piecemeal re-
cruitment of cells.

After 430 min (Fig. 8¢) the pharynx continues to elon-
gate, and within an hour the two bulbs and the isthmus
are apparent. A refractile thread gradually appears
along the axis of the pharynx and protrudes from the
mouth. At 600-650 min the formation of L1 cuticle be-
gins. The straight-sided cylinder of the buccal cavity
appears, still plugged by the tip of the thread, and the
pharyngeal lumen becomes outlined. One hour before
hatching, the gl glands become active, just as they do
before ecdysis (Singh and Sulston, 1978). Half an hour
later the pharynx begins to pump spasmodically, the
mouth plug falls away, and the refractile thread is bro-
ken up and discharged into the intestine.

Intestine. The intestine comprises a chain of paired
cells (Fig. 17). At hatching they are mononucleate, but
subsequently most of them become binucleate by nu-
clear division (Sulston and Horvitz, 1977). Occasionally
an extra cell is found in a newly hatched larva, pre-
sumably as a result of an extra division in the E lineage
(cf. Other Nematode Species: P. redivivus). The anterior
ring of four cells (intl) is specialised in having shorter
microvilli than the rest of the intestine.

The intestine is derived exclusively from founder cell
E, which gives rise to no other tissue. The daughters of
E are the first cells to enter the body cavity during
gastrulation (90 min). By 300 min they have formed two
rows of eight cells, one on the left and one on the right.
The anterior pair divide dorso-ventrally to yield intl,
which attaches to the pharyngo-intestinal valve. Before
attaching to intl, the rest of the anterior intestine un-
dergoes a 90° left-handed twist, so providing half the
total twist noted by Sulston and Horvitz (1977); the
remainder seems to be due to packing of the posterior
nuclei, because no twist is seen in the attachment of
the intestine to the intestino-rectal valve (Fig. 17).

Intestino-rectal valve and rectum. The cells which form
these structures are shown schematically in Fig. 17.
Some of them have been given new names: rectal epi-
thelium was formerly rectal gland, U was E, and Y was
C. K is a blast cell; its contralateral homologue K’ is a
blast cell in the C. elegans mutant lin-4 (Chalfie et al,
1981) and also in Panagrellus redivivus (Sternberg and
Horvitz, 1982). F, U, B, and Y are blast cells in the
male. All these cells underlie cuticle in the L1. During
late larval development of the hermaphrodite Y with-
draws from the hypodermis, without division, and be-
comes a neuron.

There is some similarity between the intestino-rectal
valve and the pharyngo-intestinal valve: in both, the
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intestine attaches to a ring of two cells which do not
bear microvilli, which attaches in turn to a ring of three
cells which do bear microvilli. Only the intestino-rectal
valve is a true valve, in that it can be closed actively
by means of a sphincter muscle which surrounds it.

Gonad

At hatching, the gonad comprises two germ line cells
(Z2 and Z3) and two somatic cells (Z1 and Z4). Its sub-
sequent development has been described by Kimble and
Hirsh (1979), and its structure in the adult by Hirsh et
al. (1976) and by Klass et al. (1976).

The germ cells and somatic cells have separate em-
bryonic origins; the former are the daughters of founder
cell P, and the latter arise by identical lineages from
MSa and MSp. After their birth, the somatic cells mi-
grate posteriorly and attach to the germ cells. At this
stage the gonad is oriented transversely across the an-
imal (Fig. 16), but, probably as an inevitable conse-
quence of the elongation and narrowing of the embryo,
it gradually adopts the oblique position shown in Fig.
8c. The homologous origin of the somatic cells is con-
cordant with their equivalent behaviour in postembry-
onic laser ablation studies (Kimble, 1981).

Electron micrographs of a 470-min embryo show that
the germ cells are united and protrude large lobes into
two intestinal cells (Figs. 2j, 17); after hatching, the
protrusions are absent. Perhaps the germ cells are
nursed by the intestine until their attachment to the
somatic cells, for it is known that the latter are essen-
tial for their survival and division in larvae (Kimble
and White, 1981).

CELL INTERACTION EXPERIMENTS

This section describes some investigations using the
technique of cell ablation by means of a laser micro-
beam (Sulston and White, 1980). Although the number
of experimental animals is small, the invariance of the
wild-type lineages ensures that any abnormalities ob-
served are highly significant.

Ablation is more difficult in eggs than in larvae. Small
cells can be killed satisfactorily (although it is difficult
to avoid damage to their neighbours), but attempts to
kill the large cells present early in embryogenesis fre-
quently cause death of the entire embryo. Damage to
these young eggs can be minimised by mounting them
on 1% agar in an isotonic medium (see Light Micros-
copy: T. acett), since heavy pulses seem sometimes to
cause the shell to leak transiently. In this way the nu-
cleus of any given cell can be destroyed, or at least
prevented from dividing; although the cytoplasm in-
evitably persists, it is often displaced from its usual
position. The technique used is to pulse the target cell
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repeatedly at an energy level sufficient to produce re-
fractile debris in its nucleus; whenever the cell appears
dangerously weakened (low refractility of the cyto-
plasm, excessive Brownian motion) it is rested for a
minute or two before pulsing is continued. After a suc-
cessful operation the cell, heavily loaded with refractile
debris, appears largely to have lost contact with its
neighbours and remains visible as an undivided blob.

FEarly Ablations

After ablation of P;, AB continued to cleave and in
due course generated a large number of cell deaths.
There was no recognisable organogenesis or morpho-
genesis, and no particular cells could be identified by
light microscopy, though nuclei characteristic of hy-
podermal and neural tissue were visible.

In a series of animals, the two daughters and four
granddaughters of AB were ablated in turn. The re-
maining cells divided in a superficially normal way, and
intestinal, dorsal hypodermal, and germ line cells be-
came recognisable. The arrangement of tissues, how-
ever, was defective, and all these embryos arrested at
the comma stage (see Fig. 4).

Ablation of P, led to the production of larvae with
no germ line. The somatic gonads of these animals grow
more or less normally but are devoid of gametes: P, is
not replaced by any other cell.

Although these results are superficially consistent
with cell autonomous development, they are inconclu-
sive because the presence of the dying cells may inhibit
potential replacements (see Discussion).

Body Muscle from C and D

The following cells were ablated in a series of ani-
mals: Da, Dp, Capa, Capp, Cppa, Cppp. In each case, the
resultant larva lacked approximately the quota of mus-
cles which the dead precursor would normally have made
(accurate muscle counts, especially in damaged animals,
are difficult). The missing cells left a gap, and the re-
maining muscles did not spread out much to fill it. The
experiments are subject to the caveat given for the early
ablations.

MS Lineage

A number of experiments were carried out at the MS*
to MS! stages. The great advantage of this group of
cells is that they are gastrulating at the time of abla-
tion; in favourable cases, the target cell can be damaged
sufficiently to cause it to detach from its neighbours
and to remain at the surface of the embryo for some
time, although eventually it, too, becomes enclosed
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within the body cavity. This circumstance should per-
mit the remaining cells to interact regulatively, if they
are capable of doing so.

Various derivatives of MS(3)p were ablated at MS¢ or
MS® and the following cells were scored in the L1 and
later larval stages: postembryonic mesoblast (M), right
intestinal muscle (homologue of M), coelomocytes, so-
matic gonad (Z1, Z4: regarded as equivalent), head me-
sodermal cell (difficult), body muscle complement (ap-
proximate). In all cases the survivors appeared to gen-
erate those cells, and only those cells, which they would
have produced in an intact embryo.

This result is particularly striking in the case of M
and the right intestinal muscle, which are homologous
and migrate along the midline in contact with one an-
other (Fig. 16). M is a large cell with a characteristic
postembryonic lineage; it is therefore easy to score, and
the result is very clear-cut (five animals). This exper-
iment and the following one are important counterex-
amples to the regulative interaction shown by two pairs
of AB cells (see below).

The head mesodermal cell (hme) is more difficult to
score, so the finding in this case was confirmed by
watching for the death of its homologue. When MSapp
or MSappa was ablated (three animals) the death was
seen and hme was absent from the larva; when MSppp
or MSpppa was ablated (three animals) the death was
not seen and hme was present in the larva. Therefore,
in spite of the similar embryonic appearance and po-
sition of hme and its homologue, the latter is pro-
grammed to die even in the absence of the former.

Extension of these experiments to MS(;) leads to pha-
ryngeal damage, as predicted from the lineage. Not sur-
prisingly, these animals feed poorly or not at all. De-
tailed analysis, which would require electron micro-
scopical reconstruction, has not been undertaken.

AB Lineage

In the first two sections below, experiments which
produced viable animals are described. In (a) the re-
sulting animals were scored solely by light microscopy;
in (b) the ultrastructure of the anterior sensilla was
determined by electron microscopy. A third section (c)
lists some experiments in which the animals died.

(a) The following cells were ablated at the AB* stage:
ABplapa (three animals), ABplaaa (one animal),
ABarppa (one animal). The resulting larvae were scored,
by Nomarski microscopy, for the postembryonic blast
cells and certain neurons; although the blast cells were
sometimes displaced in experimental animals they could
still be accurately identified by their division patterns.
With one exception (see below), the only blast cells
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missing were those normally generated by the ablated
precursor. Furthermore, the surviving blast cells be-
haved normally during postembryonic development,
even to the extent of respecting the equivalence group
boundaries (Sulston and White, 1980) in the usual way.

Because of the presence of the dying AB cells on the
surface of the embryos these results do not unambig-
uously demonstrate cell autonomy, though they are con-
sistent with it. The best evidence is that from ABplapa,
in that the progeny of this precursor would normally
move to two separated regions in the embryo, and it is
unlikely that a dying blob of cytoplasm could make ap-
propriate contacts in both places.

The exception was that, after the ablation of
ABplapa, W was missing and G2 was present. In these
animals ABprapaapa, which normally becomes W,
presumably became G2 in place of the missing
ABplapaapa. This example of regulative interaction was
confirmed by the direct ablation of ABplapaapa (one
animal) and ABprapaapa (two animals) at 260 min, be-
fore the cells moved ventrally: all three animals sub-
sequently formed G2 and lacked W.

A second example of regulation was revealed by the
ablation of ABplpaaaap (two animals) and ABprpaaaap
(one animal): all three animals subsequently formed the
excretory duct (normally ABplpaaaapa) and lacked G1
(normally ABprpaaaapa).

It appears that G2/W and duct/G1 are a forward
extension of the P-cell regulative system. The latter is
a series of six pairs of lateral cells (Fig. 13), which move
to the ventral midline during postembryonic develop-
ment. The members of each pair are equivalent, but in
certain cases they compete for a particular “primary”
fate (Sulston and White, 1980). The presumptive G2/W
and duct/G1 move to the ventral midline and compete
for a primary fate in the same way but at an earlier
time.

(b) The following cells were ablated at the AB* stage:
ABalaaa, ABalaap, ABalapa, ABalapp, ABalppa,
ABalppp, ABpraaa, ABprpaa. The pattern of cell deaths
was scored at 270 min, certain neurons (RMED, ALA,
RID, CAN) and the postembryonic blast cells were scored
in the young L1, and finally the anterior sensilla of the
L4 larva or adult were reconstructed by serial section
electron microscopy. The results concerning the ante-
rior sensilla are collected in Fig. 18.

In each case, those components which would normally
have been generated by the ablated precursor were not
seen in the resulting animal, indicating that no replace-
ment of one cell by another had occurred (Fig. 18). This
result strongly suggests that the selection of asym-
metrical precursors for symmetrical roles in the head
(see Discussion: Sublineages) is a cell autonomous pro-
cess, because, according to the lineage, the time of se-
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lection is mostly later than the time of ablation: in this
interval the dying cell acquires a position and a shape
very different from that normally occupied by its
progeny.

In most cases there were a few unpredicted deficien-
cies in the sensilla. These can be accounted for in var-
ious ways: the difficulty of recognising supporting cells
in the absence of their neurons, displacement of un-
supported neurons beyond the zone of reconstruction
(in several cases such neurons were found lying beneath
the hypodermis and well posterior of their usual posi-
tions), and perhaps failure of expression as a result of
displacement. Since these missing cells are not numer-
ous, they do not seriously weaken our conclusion.

Although replacement regulation at the cellular level
was not seen, these experiments provided some inter-
esting examples of anomalous assembly of sensilla (see
arrows in Fig. 18). One clear conclusion is that socket
cells are not restricted to association with neurons of
a particular type.

(¢) A number of ablations in the AB lineage repeat-
edly yielded animals that failed to hatch. Many of the
precursors for which this was true (ABplaaa (two an-
imals), ABarpap (five animals), ABpraap (two animals),
ABplapp (seven animals), ABprapp (one animal) are
normally responsible for generating large patches of
hypodermis. After ablation of any one of them, overall
morphogenesis proceeded as usual until the start of
elongation at 400-450 min, and then the cells inside the
embryo oozed out through the missing area. Elongation
ceased when this happened, suggesting that it is driven
by circumferential contraction in the anterior part of
the embryo.

Ablation of ABplpap (three animals) and ABprpap
(three animals) also caused problems. Of these animals,
only one of the former hatched, apparently because the
dying precursor interferes with closure of the ventral
cleft. However, before the embryos burst, it was pos-
sible to see that the excretory cell was made only when
ABplpap was present. The one animal that hatched
lacked both the excretory cell and the rectum, as pre-
dicted, and failed to grow.

Other Late Ablations

Various other cells were ablated at 250-300 min. The
object of these experiments was primarily to deduce the
function of the cells or of their progeny (e.g., interneu-
rons of the ventral cord, rectal cells, postembryonic blast
cells). No further replacement regulation was revealed,
but many cells remain untested. Three examples of mo-
saic assembly of the nematode are of interest: after
ablation of ABplpapppa (parent of K and K', Fig. 17)
the rectum was blocked; after ablation of ABprpapppp
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(parent of the intestino-rectal valve cells, Fig. 17) the
posterior end of the intestine was not connected to the
rectum; after ablation of ABalpaappp and ABalpapaaa
(parents of hyp2) the buccal cavity was formed in the
normal way at the anterior end of the pharynx, but was
not connected to the mouth.

Summary

Two cases of regulative interaction were found. Both
occeur in late embryogenesis and involve the confron-
tation of similar cells at the ventral midline, a situation

which is already familiar from postembryonic studies.
In other respects the results are consistent with cell
autonomous development, the evidence for autonomy
being strong for the MS and late AB lineages. Inter-
actions before the 50-cell stage are difficult to analyse
by laser ablation.

DISCUSSION

In this paper we have described the cell lineage that
gives rise to the newly hatched larva of Caenorhabditis

are purely numerical). Ablations. Ablated precursor is shown at top left of each figure. Empty symbols indicate that the designated cell was
not found; stippled symbols indicate uncertainty; X’s indicate the cells which the ablated precursor would normally have produced. Note
that, without exception, X’s cover empty symbols. In some animals neurons became associated with inappropriate sockets; since sockets
tended to remain in their usual positions, these changes are indicated by arrows leading from the neurons (and their sheaths: see below) to
the sockets. Criteria used to identify particular cell types inciuded: striated rootiets in IL1 and OLQ neurons; square linked array of four
filled microtubules in OLQ neurons; dark deposit and supernumerary microtubules at tip of CEP neurons; prominent lips generated by IL
sockets. In the region reconstructed there are no criteria for distinguishing between types of sheath; where a neuron is transferred to a
different socket, so that the sheath designation is ambiguous, the neuron is arbitrarily assumed to move with its own sheath.
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elegans. Since postembryonic development has already
been followed (see Background Information for refer-
ences), our knowledge of the cell lineage of this organ-
ism is now complete. The embryonic cell lineage is drawn
out in Fig. 3, a complete list of cells is given in the
Appendix, and a summary of cell types appears in
Table 1.

The main value of this information is as a basis for
more detailed studies of development, though certain
features of it seem of more general interest and are
discussed below. There is, however, little point in think-
ing about the details of the cell lineage unless it has
some function beyond mere cell proliferation; we shall
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therefore ask at the outset the question: To what extent
are the fates of cells constrained by their ancestry?

Invariance, Cell Autonomy, and Cell Interaction

The embryonic cell lineage is essentially invariant.
The patterns of division, programmed death, and ter-
minal differentiation are constant from one individual
to another, and no great differences are seen in timing.
At any given moment in development, each blastomere
not only has a predictable future but also has a repro-
ducible position and a defined group of neighbours.

Although invariance is consistent with cell autono-

TABLE 1
NUCLEAR COUNTS

L1
AB MS E C D P, Total Blast Adult total
Hypodermis
(excluding rectum) 72 13 85 35 21321
Body nervous system
Neurons 20072 2 2022 282%!
Supporting cells 40 40 5086
Ring glia 6 6 6
Body mesoderm
Muscle 1 28 32 20 81 111136
Coelomocytes 4 4 6°
Excretory system 4 4 4
hme 1 1 1
Mesoblast (M) 1 1 1
Alimentary tract
Arcade 9 9 9
Pharynx
Structural 16 2 18 18
Neurons 14 6 20 20
Muscles 19 18 37 37
Glands 5 5 5
Valve p/i 6 6 6
Intestine 20 20 14+ 34
Valve i/t 2 2 2
Muscle 3 1 4 4
Rectum 9 9 18 8%
Gonad
Somatic 2 2 2 143%
Germ line 2 2 2 indef
Total survivors 389%! 80 20 47 20 2 558560 55% 959'% (+ germ)
Deaths 98% 14 1 1131 131148
Total produced 487 94 20 48 20 2 671 1090"™ (+ germ)

Note. Cell count is less than nuclear count because of cell fusions and postembryonic divisions in the intestine (*) which are of nuclei only.
Main entries are for hermaphrodite; male counts, where different, are shown as superscripts. Postembryonic blast cells (column 8) are included
in L1 totals (column 7). Hypodermis includes XXX’s, Q’s, and hermaphrodite vulva. Rectum becomes cloaca in adult male. Sex muscles and
body muscles are placed in a single category. Rectal cell Y becomes a neuron during postembryonic development of hermaphrodite. indef:

indefinite.
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mous development, it is not in itself diagnostic, because
it might be the result of either the absence or the re-
producibility of cell-cell interactions; in order to dis-
tinguish between these possibilities it is necessary to
perturb the system experimentally. Two approaches
have been fruitful.

Blastomere isolation. The first approach is the isola-
tion of early blastomeres in a supportive medium and
the observation of their subsequent development. Using
this method, Laufer et al. (1980) demonstrated that the
unique characters of the founder cells (see General De-
scription) are internally determined and do not depend
upon interaction with neighbouring cells. They found
that the progeny of isolated blastomeres do not undergo
normal morphogenesis (for which, therefore, cell inter-
actions are required), but did not examine later cell
lineages in detail; it is thus an open question whether
determination to follow a particular division pattern is
dependent upon extrinsic factors or not.

However, an isolated daughter of AB can give rise to
a group of cells in which unequal divisions and subse-
quent deaths are seen (J.E.S., preliminary results), so
at least some differentiation can take place within an
isolated founder cell lineage. The absence of morpho-
genesis in such cell groups means that there are few
parameters for the identification of cell types: we do
not know whether cells are undetermined or are simply
failing to express their determined characteristics. The
same difficulty arises with embryos in which early blas-
tomeres have been ablated.

Cell ablation. The second approach is to destroy par-
ticular cells and to observe the behaviour of the re-
mainder. Numerous experiments of this kind have been
carried out in the past, usually by ultraviolet irradia-
tion but also by crushing or ligation (for bibliography,
see Nigon, 1965; Seck 1938). The first method has the
advantage of precision, and is reasonably effective in
preventing the nucleus of a cell from dividing, but leaves
the cytoplasm intact and potentially able to interact
with other cells. All these researchers (with the excep-
tion of Pai (1927), whose data were subsequently dis-
credited, e.g., Seck (1938)) found that the founder cells
were generated and maintained their individual char-
acters regardless of the fates of their neighbours.

More recently, a laser microbeam apparatus has been
built by J.G.W.; this instrument is effective in killing,
and causing the disappearance of, entire cells, and has
provided useful information about cell-cell interaction
in developing larvae (Sulston and White, 1980; Kimble,
1981). Its application to eggs, however, is problematical
because, except at relatively late stages, cells cannot be
killed outright without causing death of the organism.
Nevertheless, earlier blastomeres can be prevented from
dividing and displaced; their relationships with other
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cells are thereby presumably altered, and the presence
of an abnormally positioned large blob of cytoplasm
probably distorts the relationships between the surviv-
ing cells as well. In this way a reasonable test for cell-
cell interaction can be applied from about the 50-cell
stage onwards. In a series of experiments covering this
period, no examples of cell-cell interaction affecting
embryonic lineage, and only two examples of interac-
tion affecting fate, were found. As explained above (Cell
Interaction Experiments: AB lineage), the latter two
cases can properly be regarded as part of a postembry-
onic regulative episode in which pairs of homologous
cells confront one another at the midline.

It is worth emphasising two areas in which regulative
interaction has not been seen. One is the mesoderm, in
which the behaviour of early blastomeres allows cells
to be ablated relatively cleanly, and in which a variety
of differentiated cell types can readily be scored by light
microscopy. The absence of detectable regulation in ei-
ther lineage or fate is therefore striking, particularly
in the case of two cell pairs which confront one another
at the midline (in the same way as the AB pairs just
mentioned). The other area is the anterior sensory sys-
tem, which is rich in pairs of precursors that are anal-
ogous but not homologous (see Symmetry and Asym-
metry).

Another technique for killing individual cells is treat-
ment with psoralen followed by irradiation with an ul-
traviolet microbeam. In this way James Priess (per-
sonal communication) has shown that removal of E or
Ea precludes normal morphogenesis of the head, and
that certain late divisions and deaths are dependent
upon the presence of unrelated cells. The source and
specificity of the implied inductive influences remain to
be discovered.

The possibilities for regulation of cell shape seem to
be rather limited. For this reason, ablation of a blas-
tomere which generates a substantial patch of hypo-
dermis usually leads to a burst embryo. Individual mus-
cles and postembryonic blast cells lie in approximately
their usual positions even when a number of their fel-
lows have been lost. At the ultrastructural level, how-
ever, anomalies can be caused in the assembly of neural
components (see Fig. 18).

FEarly divisions of the founder cells. None of the ex-
periments so far described have shed much light on this
intermediate period. The initial divisions of MS, C, D,
and P, are more or less equational in terms of their
subsequent lineages; indeed, although these divisions
are approximately anterior-posterior, they give rise ul-
timately to left-right symmetrical groups of cells. (This
pattern is more apparent in Turbatrix and Ascaris, be-
cause the initial divisions of MS, C, and D are left-
right.) AB and E are different, in that they do not gen-
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erate elements of left-right symmetry until their second
rounds of division. Nevertheless, their initial divisions
may be equational. In particular, the first anaphase of
AB is transverse across the midline, and only at telo-
phase do its daughters skew into an anterior-posterior
configuration; this progression is seen more clearly in
Ascaris, in which the transverse arrangement persists
for much longer.

Classical attempts to investigate the cell autonomy
of the early AB lineage in Ascaris, by the study of
squashed eggs and giant eggs, led only to a mass of
circumstantial data and heated controversy (see Seck,
1938). Blastomere isolation experiments would seem to
offer the best hope of settling the matter, though this
approach runs into further difficulties, as explained
above. For the present, the bases for the difference be-
tween ABa/ABp, as well as those for the more subtle
distinections betweeen MSa/MSp, Ea/Ep, and Ca/Cp, re-
main unknown,

Summary. In our limited survey, no replacement of
any embryonic precursor by another was observed, but
the postembryonic behaviour of two pairs of cells was
found to be decided by regulative interaction in midem-
bryogenesis. There is evidence for inductive effects upon
morphogenesis, cell divisions, and cell deaths during the
second half of embryogenesis. The period beween the
generation of the founder cells and the 50-cell stage has
not yet been satisfactorily investigated.

Embryonic Germ Layers and Cell Fate

In their literal sense, the terms ectoderm, mesoderm,
and endoderm refer to the three distinct layers of cells
formed at gastrulation in triploblastic embryos—the
so-called germ layers. By extension, the same terms are
applied, in mature animals, to the groups of tissues
typically derived from the germ layers. To avoid con-
fusion, we shall qualify the terms with “embryonic”
when using them in the former sense.

It has long been known that the correlation between
germ layer and tissue type is not perfect. In vertebrate
embryos, for example, part of the embryonic ectoderm,
known as the neural crest, contributes cells to struc-
tures (such as muscle and cartilage) which are more
typically derived from embryonic mesoderm (reviewed
by le Douarin, 1980). Is this also true for the nematode?

The ancestry of various cell types in C. elegans is
summarised in Fig. 9. From the behaviour of their prog-
eny at gastrulation the founder cells can be classified
as follows:—embryonic endoderm: E; embryonic me-
soderm: MS, D, part of C; embryonic ectoderm: AB, re-
mainder of C (though the progeny of AB which con-
tribute to the pharynx might also be classified as em-
bryonic mesoderm). Thus neurons can be derived from
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embryonic mesoderm and muscles from embryonic ec-
toderm.

The mingling in ancestry is most extensive in the
pharynx. For example, there are three cases of neurons
which are sisters to muscles (strictly, myo-epithelial
cells), showing that divergence between these two fates
can occur as late as the terminal division. Conversely,
a consideration of symmetry and patterns of cell fusion
in muscle rings m3, m4, and m5 (see Alimentary Tract
and Appendix) indicates that a particular cell type may
be generated by more than one developmental pathway.

The pharynx may perhaps be regarded as atypical,
in that it is a remarkably self-contained organ with its
own nervous system and highly specialised myo-epi-
thelial cells. The very late derivation of four muscle
cells from the AB lineage is a more straightforward
example. The parents of these cells remain on the out-
side of the embryo until 290 min. Two of the muscles
are associated with the rectum and are unique, but the
other two are identical with cells derived from MS: one
is an intestinal muscle and the other is a body muscle.

The conclusion is that, although there is a broad map-
ping of particular cell types onto particular blast cells,
absolute distinctions are not laid down at an early stage.
One reasonable explanation for this observation is that
the broad categories correspond to a primitive ancestral
condition, and that in the course of evolution their
boundaries have occasionally been transgressed; such
an event may well be improbable, in that it would in-
volve reprogramming a partially committed cell, but
may nevertheless occasionally be selected.

Laineal Boundaries and Functional Boundaries

Two identifiable tissues are generated as single ex-
clusive clones; i.e. in each case one precursor generates
all the cells of the tissue and no others. These tissues
are the intestine (founder cell E) and the germ line
(founder cell P,).

Such coincidence of lineal boundaries with functional
boundaries is the exception rather than the rule. Ex-
amples of partial clonal derivation can be recognised:
some precursors generate only, but not all, cells of a
given type (e.g., D, Cap, and MSpppp all yield exclusive
clones of body muscle); other precursors generate all,
but not only, cells of a given type (e.g., MS yields all
the coelomocytes and the entire somatic gonad). How-
ever, throughout most of the lineage cell types are in-
termingled even at the terminal divisions.

As a result of this heterogeneity of ancestry with
respect to cell fate, many lineal boundaries cross the
various somatic structures in an apparently meaning-
less way. For example, the neurons and supporting cells
of a given embryonic sensillum never arise as an ex-
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clusive clone, and the boundary between AB and MS
meanders through binucleate cells.

It is interesting that exactly the same conclusion is
reached with regard to polyclones in the epidermis of
insects (Garcia-Bellido et al., 1973; Lawrence, 1981). Here,
the reproducible lineal boundaries surround the prog-
eny not of single cells but of groups of cells called com-
partments; the cell lineages within a given compart-
ment are indeterminate. Like the clonal boundaries in
the nematode, compartment boundaries do not neces-
sarily circumscribe recognisable functional units and
yet are reproducibly positioned from one individual to
another.

Segments

Nematodes are not usually considered to be seg-
mented animals. However, the lateral hypodermis of
the newly hatched L1 larva is divided into periodically
repeated units (Fig. 13). The repeat unit is most obvious
in the middle of the body, where it comprises a ventral
cord blast cell (P), a lateral hypodermal blast cell (V),
and a syncytial hypodermal nucleus (hyp7); the head
and the tail can plausibly be regarded as containing
additional degenerate units. How do these units arise?

Inspection of the embryonic lineage reveals no cor-
responding periodic repeat. The three types of cell are
generated semiclonally (Fig. 13) and the repeat units
are formed by reproducible but piecemeal recruitment.
Presumably the regularity of the structure depends upon
cell affinity and perhaps upon packing constraints in
the embryo. There appears to be no correlation between
the repetition in the hypodermis and that in the en-
doderm, muscle, or juvenile nervous system. During the
postembryonic expansion of the ventral nervous system
(Sulston and Horvitz, 1977), the regularly repeated ar-
ray of neurons derived from the P cells is simply su-
perimposed upon the different, and less regular, repeat
pattern of juvenile neurons.

This mode of limited “segmentation” partially par-
allels the true segmentation of the leech, which also
develops by an invariant cell lineage (Stent and Weisblat,
1982). The leech embryo has five stem cells (four ecto-
dermal and one mesodermal) on either side; every seg-
ment is founded by a group of cells comprising one or
two daughters from each of the stem cells. Consequently,
as in the nematode, a given cell in the mature animal
is more closely related to its homologues in other seg-
ments than it is to most of the cells in its own segment.

Sublineages

We shall use the term “sublineage” as an abbrevia-
tion for the more descriptive, but cumbersome, phrase
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“intrinsically determined sublineage”—namely, a frag-
ment of the lineage which is thought to be generated
by a programme within its precursor cell. At present
there is no direct evidence for such inherent program-
ming, and so strictly the concept is hypothetical; nev-
ertheless, in certain cases a variety of circumstantial
evidence can be adduced to support it. The notion has
been discussed elsewhere (Chalfie et al., 1981; Sternberg
and Horvitz, 1982) and need not be further elaborated
now, but it is convenient to begin by listing two of the
available criteria for postulating the existence of a sub-
lineage: (1) the generation of the same lineage, giving
rise to the same set of cell fates, from a series of pre-
cursors of diverse origin and position; (2) evidence for
cell autonomy within the lineage, obtained from laser
ablation experiments or the study of mutants.

By the first criterion, two sublineages can be found
in the head of the embryo (Fig. 19). The sixfold inner
labial sublineage generates the neurons of the six iden-
tical inner labial sensilla. The outer labial sublineage
can be regarded as either sixfold or (four + two)fold;
this ambiguity is of interest in the light of the mor-
phological difference between the OLQ and OLL outer
labials (Fig. 19 legend; White et al., in preparation).

In postembryonic development, parts of the lineage
which are simply bilaterally symmetrical do not usually
qualify as sublineages by the first criterion above, be-
cause their precursors are of symmetrical origin. How-
ever, in the case of the embryo it is possible to take the
analysis a step further.

In the lineage chart (Fig. 3), pairs of precursors which
give rise to similar or identical division patterns and
groups of cells on the left and right sides are indicated.
In the posterior part of the animal, bilateral symmetry
arises at an early stage, as a result of equational di-
visions of precursors, and the groups are large. In the
anterior part, however, symmetry arises late, in a
piecemeal fashion, and the groups are small; for
example, identical lineages arise from ABalaappp and

inner labial outer labial

(six-fold) OLQ (four—fold) OLL {two-fold)

F{—' i il—’

L1 oLQ

B

OoLL

F1G. 19. Labial sublineages; see text. OLL resembles OLQ in its
radial position (Ward et al, 1975) but differs in having neither a
square array of four microtubules nor a striated rootlet. OLL sublineage
is related equally closely to OLQ and inner labial sublineages.
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ABalapaap, which are not themselves of identical ori-
gin. There are therefore grounds for supposing that these
symmetrical pieces of lineage are sublineages, partic-
ularly since their precursors are frequently not dis-
posed symmetrically and do not have identical neigh-
bours on the left and the right.

The latter observations suggest further that the pre-
cursors are determined, not by interaction with their
neighbours, but by their ancestry. Evidence in favour
of this conjecture was obtained from a series of laser
ablation experiments, in which all tested precursors be-
haved autonomously. Some implications of this finding
are discussed below (Symmetry and Asymmetry).

The assignment of sublineages is often a matter for
subjective judgment, in that two sections of the lineage
may be alike in some respects and discrepant in others.
Thus, ABalpaaa and ABarapaa give rise to sublineages
identical except for the fate of one cell, and it is rea-
sonable to suppose that identical programmes are being
used by the two precursors; the fate of the one anom-
alous cell may be determined either by position or by
additional intrinsic factors. A more extreme example
is provided by the pair ABalapap and ABalappp; in this
case a dividing cell in one version of the sublineage is
replaced by a cell death in the other, but there are still
enough common features to suggest a shared pro-
gramme.

Programmed Cell Death and Sexual Dimorphism

The large number of programmed cell deaths, and
their reproducibility, is evident from the lineage. The
most likely reason for the occurrence of most of them
is that, because of the existence of sublineages, un-
needed cells are frequently generated along with needed
ones (Sulston and Horvitz, 1977; Horvitz et al., 1982).

Direct support for this point of view is provided by
the sexually specific deaths seen in the embryonic lin-
eage. In the hermaphrodite the putative CEM cells die
but the HSN cells survive, whilst in the male the sit-
uation is reversed; before the deaths, however, each cell
begins to differentiate in the same way regardless of
sex. Rather than generate two different patterns of cell
division, the nematode uses the same sublineages in
both sexes and kills those cells that are not required.
Sexually specific deaths are also seen in hermaphrodite
larvae, but in other cases no surviving homologues of
the dead cells are available for study. However, by means
of mutants in which cell death does not occur (recently
isolated by H. Ellis, personal communication; Horvitz
et al., 1982), it should now be possible to exhume all of
them.

There are few obvious restrictions upon the patterns
of cell deaths. They are found in ectoderm, mesoderm,
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and (in Turbatrixz and Panagrellus) endoderm. Several
precursors give rise to two cell deaths in successive di-
visions, but none give rise to two in a single division.
Presumably there is some selective pressure on the or-
ganism to dispense with programmed deaths, which
must represent a waste of time and materials. Logically,
sister deaths could be readily eliminated (by program-
ming the death of their parent) whereas single deaths
might require more extensive rearrangement of control
elements. Sternberg and Horvitz (1981) have reported
sister deaths in the Panagrellus gonad, but suggest, on
account of their variability, that they are of recent evo-
lutionary origin.

Rotational Symmetry

In addition to bilateral symmetry (see Sublineages)
parts of the nematode display two-, three-, four-, and
sixfold rotational axes of symmetry. The embryonic lin-
eage, on the other hand, is in part bilaterally symmet-
rical and in part asymmetrical; the ways in which it
generates the more elaborate symmetries of the mature
nematode will now be discussed.

Twofold At 300 min the gonad is a bilaterally sym-
metrical structure consisting of two identical subunits,
each comprising two cells of different types (Fig. 16).
It subsequently turns to lie obliquely and acquires a
twofold rotational axis of symmetry. This behaviour
can be understood if, during late embryogenesis, the
two subunits interact specifically with one another but
not with nongonadal tissues, the oblique position being
a consequence of packing. The autonomy of the gonad
was pointed out by Kimble and Hirsh (1979) who found
that, apart from the initial events in the male, post-
embryonic gonadogenesis is reproducibly oriented with
regard to the axes of the gonad rather than to those of
the body.

Threefold The muscles and structural cells of the
pharynx have a precise threefold rotational axis of sym-
metry, whilst the nervous system of the pharynx is bi-
laterally symmetrical. Broadly speaking, two of the three
identical sets of mechanical elements are generated by
bilaterally symmetrical lineages, and the third set is
assembled by piecemeal recruitment. The threefold
symmetrical arrays of the arcade, hypl, hyp4, and parts
of the valves are produced in a similar fashion. This
plan of development contrasts with that found for the
vas deferens (formed in the larval male), in which strue-
tures having a threefold rotational axis of symmetry
are generated by three equivalent precursor cells which
give rise to identical sublineages (Kimble and Hirsh,
1979; Kimble, 1981).

Four- and sixfold At the tip of the head the various
classes of sensilla are arranged in rings with bilateral
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(amphid), fourfold (cephalic), and sixfold symmetry (in-
ner labial); the outer labial sensilla can be regarded as
having either sixfold or (four + two)fold symmetry.
Various authors have speculated that one of the higher
modes of symmetry may represent the fundamental plan
of the nematode head (discussed by Ward et al., 1975).
If this were the case, the plan should be detectable as
a corresponding pattern of precursor cells. However,
apart from the sublineages giving rise to the labial neu-
rons (see Sublineages), no mode of symmetry other than
bilateral is detectable in the embryonic lineage. Even
the origin of the labial neurons does not support the
idea that sixfold symmetry is fundamental, because the
sublineages for the inner and outer labial sensilla are
generated by unrelated precursors and do not include
the supporting cells.

Symmetry and Asymmetry

It is clear from the events already discussed that, at
numerous points in the lineage, symmetry is broken.
This is obviously a necessary step on the pathways to
unique cells and threefold symmetrical structures, but
it can also occur in the generation of bilaterally sym-
metrical structures (see Sublineages).

More than one symmetry change can occur during
the ancestry of a single cell. An extreme example is
provided by a sequence from the complete (embryonic
and postembryonic) lineage of the male; in it, symmetry
is generated three times and broken twice, as follows.
Cells B and U are produced by identical right and left
lineages; they break symmetry and arrange themselves
respectively posterior and anterior to the anus; during
larval development, the anterior daughter of B divides
symmetrically and gives rise to identical lineages on
the left and right sides; two pairs of its progeny break
symmetry again and arrange themselves anterior-pos-
teriorly; finally, all four of these progeny generate sym-
metrical groups of cells on the two sides of the animal
(Sulston et al., 1980).

In addition to symmetry changes involving precur-
sors, which are indicated in Fig. 3, certain new sym-
metries appear at the level of terminal differentiation
(Fig. 20). These “phase shifts” in otherwise symmetrical
patterns of fate assignments are reminiscent of those
seen in the postembryonic development of male-specific
muscle (Sulston et al, 1980; Sulston and White, 1980).
They may have arisen as a result of selective pressure
to produce either unique cells or threefold groups, and
various hypothetical schemes can be constructed to ex-
plain their evolution. Sternberg and Horvitz (1981) have
termed such events “altered segregations,” to express
the observation that two cells may acquire the same
developmental potential by different routes.
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Fate
Ancestry I
Chain of cell pair Left side Right side
AB{a'pa]aappa X m3R
arap,
alp /

1 AB{ara aapapp met / m4R
Ms{:}aapaap m4L X
Ms{a}aaaapa 13/g1P m3DR

2 P /
Msiz}aapaaa m3DL M1
MS{S}aaappa X m50R

3 /
Ms{z}aaapap mS5DL M5

hyp 2DR
_.=7 |non-existent
AB {3 aapppp hyp 2DL--"" hyp 1DR
ara! /

4 AB{::‘;}aapppa hyp 10L arc ant DR
AB{::E}aappaa arc ant DL / arc post D
ABp{:}papappp bBS DAS

5 /

ABp{Ir} pppaaaa DAS PDAY

FIG. 20. Phase shifts in patterns of fates of symmetrical cell pairs.
Members of each pair are judged to be homologous partly by ancestry
and partly by the assignments of their relatives. Chain 4 goes some
way to account for the strange form of hyp2, a cylindrical syneytium
which arises by the fusion of a ventral cell and a dorsal left cell; the
corresponding dorsal right cell, anticipated on grounds of symmetry,
is absent—perhaps sacrificed in the past for some greater goal. Chain
5 is unimpressive, but is included because apart from DB5 and DAS8
pairs of homologous neurons always belong to the same functional
class; it is thus remarkable that ABprpppaaaa, rather than
ABprpapappp, becomes PDA/Y. In chain 1 the unique cell which may
once have justified the phase shift has itself been eliminated: a strik-
ing illustration of the accretion of logical debris to the lineage.

How are the symmetry decisions taken? Laser abla-
tion experiments show that two cases of symmetry
breakage (G2/W and duct/G1, see Cell Interaction Ex-
periments) involve competitive interaction between the
homologous partners, which confront one another at the
midline. In all other cases tested the behaviour of the
cells seems to be independent of their neighbours and
of their exact position. We are therefore forced to con-
clude that the various symmetries arise during devel-
opment largely from a series of piecemeal decisions,
each individually selected in the course of evolution. The
precise bilateral symmetry of the head, for example, is
not determined by a single global influence (such as a
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symmetrical morphogenetic field) but is the end result
of many small decisions. Bilateral symmetry is evi-
dently a favourable asset for an animal, and is selected
even at the level of individual neurons and sensilla.

Conclusion

Perhaps the most striking findings are firstly the
complexity and secondly the cell autonomy of the lineage.
As regards the former, many of the guesses that have
been made in the past about the ultimate fates of em-
bryonic cells are correct in general but wrong in detail:
the assignment of cell function follows certain broad
rules to which there are numerous exceptions. As re-
gards the latter, there are two examples of specific in-
teraction between cells affecting their fates, and there
is evidence for induction late in embryogenesis; doubtless
other instances of cell-to-cell signalling remain to be
discovered, but much of the detailed control of division
pattern and fate, including such niceties as the gener-
ation of precise bilateral symmetry, seems to be vested
in autonomous programmes within individual cells.
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With hindsight, we can rationalise both this com-
plexity and this rigidity. The nematode belongs to an
ancient phylum, and its cell lineage is a piece of frozen
evolution. In the course of time, new cell types were
generated from precursors selected not so much for their
intrinsic properties as for the accident of their position
in the embryo. Perhaps the mutations responsible for
these novel developmental events acted directly upon
the intrinsic behaviour of the precursors, but equally
they may have operated via extrinsic regulative mech-
anisms. In the latter case, however, cell-cell interac-
tions that were initially necessary for developmental
decisions may have been gradually supplanted by au-
tonomous programmes that were fast, economical, and
reliable, the loss of flexibility being outweighed by the
gain in efficiency. On this view, the perverse assign-
ments, the cell deaths, the long-range migrations—all
the features which could, it seems, be eliminated from
a more efficient design—are so many developmental fos-
sils. These are the places to look for clues both to the
course of evolution and to the mechanisms by which the
lineage is controlled today.

APPENDIX

PARTs LisT: Caenorhabditis elegans (Bristol), NEwWLY HATCHED LARVA

This index was prepared by condensing a list of all cells in the adult animal, then adding comments and
references. A complete listing is available on request to MRC, Cambridge. References: (1) Ward et al, 1975; (2)
Ware et al., 1975; (3) White et al., 1976; (4) Albertson and Thomson, 1976; (5) Singh and Sulston, 1978; (6) Kimble
and Hirsh, 1979; (7) Sulston et al., 1975; (8) Chalfie and Sulston, 1981; (9) Sulston and Horvitz, 1977; (10) Sulston
et al., 1980; (11) White et al, 1978; (12) Horvitz et al, 1982; (13) Wright and Thomson, 1981; (14) Gossett et al,

1982; (15) Nelson et al., 1983.

AB Py a

ADAL AB plapaaaapp

Ring interneuron

Embryonic founder cell

ADAR AB prapaaaapp
ADEL AB plapaaaapa Anterior deirid, sensory neuron, receptor in lateral alae, 7
ADER AB prapaaaapa contains dopamine
ADEshL AB arppaaaa . . .
ADEshR AB arpppaaa Anterior deirid sheath
ADFL AB alpppppaa Amphid neuron, dual ciliated sensory endings, probably 1,2
ADFR AB praaappaa chemosensory, enters ring via commissure from ventral
ganglion
ADLL AB alppppaad Amphid neuron, dual ciliated sensory endings, probably 1,2
ADLR AB praaapaad chemosensory, projects directly to ring
AFDL AB alpppapav . . . .
AFDR AB praaaapav Amphid finger cell, neuron associated with amphid sheath 1,2
AIAL AB plppaappa Ly
AIAR AB prppaappa Amphid interneuron
AIBL AB plaapappa P
AIBR AB praapappa Amphid interneuron
AIML AB plpaapppa L
AIMR AB prpaapppa Ring interneuron
AINL AB alaaaalal Ring interneuron
AINR AB alaapaaar g



AIYL
AIYR

AIZL
AIZR

ALA

ALML
ALMR

ALNL
ALNR

AMshL
AMshR

AMsol.
AMsoR

ASEL
ASER
ASGL
ASGR
ASHL
ASHR
ASIL
ASIR
ASJL
ASJR
ASKL
ASKR

AUAL
AUAR

AVAL
AVAR

AVBL
AVBR

AVDL
AVDR

AVEL
AVER

AVG

AVHL
AVHR

AVJL
AVIJR

AVKL
AVKR

AVL

AWAL
AWAR
AWBL
AWBR
AWCL
AWCR

BAGL
BAGR

BDUL
BDUR
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AB plaapaapp
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AB praaappppa
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AB alpppaaaa
AB praaaaaaa
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AB prpappaap
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Amphid interneuron

Amphid interneuron
Neuron, sends processes laterally and along dorsal cord

Anterior lateral microtubule cell, touch receptor neuron

Neuron associated with ALM

Amphid sheath

Amphid socket

Amphid neurons, single ciliated endings, probably
chemosensory; project into ring via commissure from
ventral ganglion, make diverse synaptic connections in ring
neuropile

Neuron, process runs with amphid neuron processes but lacks
ciliated ending

Ventral cord interneuron, synapses onto VA, DA, and AS
motor neurons; formerly called alpha

Ventral cord interneuron, synapses onto VB and DB motor
neurons; formerly called beta

Ventral cord interneuron, synapses onto VA, DA, and AS
motor neurons; formerly called delta

Ventral cord interneuron, like AVD but outputs restricted to
anterior cord

Ventral cord interneuron, few synapses

Neuron, mainly presynaptic in ring and postsynaptic in
ventral cord

Neuron, mainly postsynaptic in ventral cord and presynaptic
in ring

Ring and ventral cord interneuron

Ring and ventral cord interneuron, few synapses

Amphid wing cells, neurons having ciliated sheet-like sensory
endings closely associated with amphid sheath

Rectal cell, postembryonic blast cell in male

Neuron, ciliated ending in head, no supporting cells, associated
with ILso

Neuron, process runs along excretory canal and into ring,
unique darkly staining synaptic vesicles

1,2

1,2
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C

CANL
CANR

CEMDL
CEMDR
CEMVL
CEMVR

CEPDL
CEPDR
CEPVL
CEPVR

CEPshDL
CEPshDR
CEPshVL
CEPshVR

CEPsoDL
CEPsoDR
CEPsoVL
CEPsoVR

D

DAl
DA2
DA3
DA4
DA5
DA6
DA7
DAS8
DA9

DB1/3
DB2
DB3/1
DB4
DB5
DB6
DB7

DD1
DD2
DD3
DD4
DD5
DD6

DVA
DVC

FLPL
FLPR

GLRDL
GLRDR
GLRL
GLRR
GLRVL
GLRVR

G1
G2

Py ppa

AB alapaaapa
AB alappappa

AB plaaaaaap
AB arpapaaap
AB plpaapapp
AB prpaapapp

AB plaaaaappa
AB arpapaappa
AB plpaappppa
AB prpaappppa

AB arpaaaapp
AB arpaaapap
AB plpaaapap
AB prpaaapap

AB alapapppp
AB alapppppp
AB alppaappp
AB alaapappp

Po pppa

AB prppapaap
AB plppapapa
AB prppapapa
AB plppapapp
AB prppapapp
AB plpppaaap
AB prpppaaap
AB prpapappp
AB plpppaaaa

AB plpaaaapp
AB arappappa
AB prpaaaapp
AB prpappapp
AB plpapappp
AB plppaappp
AB prppaappp

AB plppappap
AB prppappap
AB plppapppa
AB prppapppa
AB plppapppp
AB prppapppp

AB prppppapp
C aapaa

P, pap
AB plppppapp

AB plapaaapad
AB prapaaapad

MS aaaaaal
MS aaaaaar
MS apaaaad
MS ppaaaad
MS apaaaav
MS ppaaaav

AB prpaaaapa
AB plapaapa
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Embryonic founder cell

Process runs along excretory canal, no synapses seen, essential
for survival

Male specific cephalic neurons (die in hermaphrodite embryo),
open to outside, possibly mediate male chemotaxis towards
hermaphrodites

Cephalic neurons, contain dopamine

Cephalic sheath, sheet-like processes envelop neuropile of ring
and part of ventral ganglion

Cephalic socket

Embryonic founder cell

Ventral cord motor neurons, innervate dorsal muscles

Ventral cord motor neurons, innervate dorsal muscles

Ventral cord motor neurons, probably reciprocal inhibitors,
change their pattern of motor synapses during
postembryonic development

Ring interneurons, cell bodies in dorsorectal ganglion

Embryonic founder cell
Rectal cell, postembryonic blast cell in male

Neuron, ciliated ending in head, no supporting cells, associated
with ILso

Set of six cells that form a thin cylindrical sheet between
pharynx and ring neuropile; no chemical synapses, but gap
junctions with muscle arms and RME motor neurons

Postembryonic blast cells; excretory socket is G1 in embryo,
G2 in L1, G2.p later

10

1,27

1,2

1,2

9,10
1,2



HOL
HOR
H1L
H1R
H2L
H2R

HSNL
HSNR

1L
1R
12L
I2R
I3
I4
15
16

IL1DL
IL1DR
IL1L
IL1IR
IL1VL
IL1IVR

IL2DL
IL2DR
IL2L
IL2R
IL2VL
IL2VR

ILshDL
ILshDR
ILshL
ILshR
ILshVL
ILshVR

ILsoDL
ILsoDR
ILsoL
ILsoR
ILsoVL
ILsoVR

K
K’

LUAL
LUAR

M

M1
M2L
M2R
M3L
M3R
M4
M5

MCL
MCR

Ml

MS
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AB plaaappa
AB arpapppa
AB plaaappp
AB arpapppp
AB arppaaap
AB arpppaap

AB plapppappa
AB prapppappa

AR alpapppaa
AB arapappaa
AB alpappaapa
AB arapapaapa
MS aaaaapaa
MS aaaapaa
AB arapapapp
MS paaapaa

AB alapappaaa
AB alappppaaa
AR alapaappaa
AB alaappppaa
AB alppapppaa
AB arapppppaa

AB alapappap
AB alappppap
AB alapaappp
AB alaappppp
AB alppapppp
AB arapppppp

AB alaaaparr
AB alaaappll

AB alaaaalpp
AB alaapaapp
AB alppapaap
AB arapppaap

AB plaapaaap
AB praapaaap
AB alaaapall

AB alaaapprr
AB alppapapp
AB arapppapp

AB plpapppaa
AB plpapppap

AB plpppaapap
AB prpppaapap

MS apaapp

MS paapaaa
AB araapappa
AB araappppa
AB araapappp
AB araappppp
MS paaaaaa
MS paaapap

AB alpaaappp
AB arapaappp

AB araappaaa

P, paa

Cell Lineage of a Nematode Embryo

Seam hypodermal cell

Seam hypodermal cell, postembryonic blast cell

Seam hypodermal cell, postembryonic blast cell, functions as
deirid socket in L1

Hermaphrodite-specific motor neurons (die in male embryo),
innervate vulval muscles

Anterior sensory,
input from RIP

Anterior sensory

Anterior sensory !

. - Pharyngeal interneurons
Anterior sensory yng

Posterior sensory

Posterior sensory

Inner labial neuron, ciliated ending with striated rootlet,
synapses directly onto muscle cells

Inner labial neuron, ciliated ending without striated rootlet,
open to outside

Inner labial sheath

Inner labial socket

Rectal cell, postembryonic blast cell
Rectal cell

Interneuron, short process in posterior end of ventral cord

Postembryonic mesoblast

Pharyngeal motor neurons

Pharyngeal sensory-motor neuron

Pharyngeal motor neurons

Pharyngeal neurons that synapse onto the marginal cells

Pharyngeal motor neuron/interneuron

Embryonic founder cell

59
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1,2

1,2
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NSML
NSMR

OLLL
OLLR

OLLshL
OLLshR

OLLsoL
OLLsoR

OLQDL
OLQDR
OLQVL
OLQVR

OLQshDL
OLQshDR
OLQshVL
OLQshVR

OLQsoDL
OLQsoDR
OLQsoVL
OLQsoVR

P

P1/2L
P1/2R
P3/4L
P3/4R
P5/6L
P5/6R
P7/8L
P7/8R
P9/10L
P9/10R
P11/12L
P11/12R

PDA

PHAL
PHAR
PHBL
PHBR

PHshL
PHshR

PLML
PLMR

PVCL
PVCR

PVPL
PVPR

PVQL
PVQR

PVR
PVT

QL
QR
RIAL
RIAR
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AB araapapaav
AB araapppaav

AB alppppapaa
AB praaapapaa

AB alpppaapd
AB praaaaapd

AB alapaaapp
AB alappappp

AB alapapapaa
AB alapppapaa
AB plpaaappaa
AB prpaaappaa

AB arpaaaapa
AB arpaaapaa
AB alpppaaap
AB praaaaaap

AB arpaaaaal
AB arpaaaaar
AB alppaaapp
AB alaappapp

P, pppp

AB plapaapp
AB prapaapp
AB plappaaa
AB prappaaa
AB plappaap
AB prappaap
AB plappapp
AB prappapp
AB plapapap
AB prapapap
AB plapappa
AB prapappa

AB prpppaaaa

AB plpppaapp
AB prpppaapp
AB plapppappp
AB prapppappp

AB plpppapaa
AB prpppapaa

AB plapappppaa

AB prapappppaa

AB plpppaapaa
AB prpppaapaa

AB plppppaaa
AB prppppaaa

AB plapppaaa
AB prapppaaa

C aappa

AB plpappppa
AB plapapaaa
AB prapapaaa

AB alapaapaa
AB alaapppaa
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Pharyngeal neurosecretory motor neuron, probably contains
serotonin

Lateral outer labial neuron, ciliated ending without striated
rootlet

Lateral outer labial sheath

Lateral outer labial socket

Quadrant outer labial neuron, ciliated ending with striated
rootlet

Quadrant outer labial sheath

Quadrant outer labial socket

Embryonic founder cell: germ line

Postembryonic blast cells for ventral cord neurons, ventral
hypodermis, vulva, male preanal ganglion; form ventral
hypodermis in L1

Motor neuron, process in dorsal cord; same cell as Y (qv) in
hermaphrodite, as Y.a in male

Phasmid neurons, ciliated endings, probably chemosensory,
similar to amphids but situated in tail

Phasmid sheath

Posterior lateral microtubule cell, touch receptor neuron

Ventral cord interneuron, cell body in lumbar ganglion,
synapses onto VB and DB motor neurons; formerly called
delta

Interneuron, cell body in lumbar ganglion, projects along
ventral cord to ring

Interneuron, projects along ventral cord to ring

Interneuron, projects along ventral cord to ring

Interneuron, projects along ventral cord, has several branches

in ring
Postembryonic neuroblast, migrates anteriorly
Postembryonic neuroblast, migrates posteriorly

Ring interneuron, many synapses

1,2

1,2

1,2

1,2

1,2

1,2
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RIBL
RIBR

RICL
RICR

RID

RIFL
RIFR

RIGL
RIGR

RIH

RIML
RIMR

RIPL
RIPR

RIR
RIS

RIVL
RIVR

RMDDL
RMDDR
RMDL
RMDR
RMDVL
RMDVR

RMED
RMEL
RMER
RMEV

RMGL
RMGR

SAADL
SAADR
SAAVL
SAAVR

SABD
SABVL
SABVR

SIADL
SIADR
SIAVL
SIAVR
SIBDL
SIBDR
SIBVL
SIBVR

SMBDL
SMBDR
SMBVL

SMBVR
SMDDL
SMDDR
SMDVL
SMDVR

TL
TR
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AB plpaappap
AB prpaappap

AB plppaaaapp
AB prppaaaapp

AB alappaapa

AB plppapaaap
AB prppapaaap

AB plppappaa
AB prppappaa

AB prpappaaa

AB plppaapap
AB prppaapap

AB alpapaaaa
AB arappaaaa

AB prpapppaa
AB prpappapa

AB plpaapaaa
AB prpaapaaa

AB alpapapaa
AB arappapaa
AB alpppapad
AB praaaapad
AB alppapaaa
AB arapppaaa

AB alapppaap
AB alaaaarlp
AB alaaaarrp
AB plpappaaa

AB plapaaapp
AB prapaaapp

AB alppapapa
AB arapppapa
AB plpaaaaaa
AB prpaaaaaa

AB plppapaap
AB plppapaaaa
AB prppapaaaa

AR plpapaapa
AB prpapaapa
AB plpapappa
AB prpapappa
AB plppaaaaa
AB prppaaaaa
AB plpapaapp
AB prpapaapp

AB alpapapapp
AB arappapapp
AB alpapappp
AB arappappp
AB plpapaaaa
AB prpapaaaa
AB alppappaa
AB arappppaa

AB plappppp
AB prappppp

AB plppppapa
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Ring interneuron

Ring interneuron
Ring interneuron, projects along dorsal cord

Ring interneuron

Ring interneuron
Ring interneuron

Ring interneuron

Ring/pharynx interneuron, only direct connection between
pharynx and ring

Ring interneuron

Ring interneuron

Ring interneuron

Ring motor neuron/interneuren, many synapses

Ring motor neuron

Ring interneuron

Ring interneuron, anteriorly projecting process that runs
sublaterally

Ring interneuron, anteriorly projecting process that runs
sublaterally, synapses to anterior body muscles in L1

Receives a few synapses in the ring, has a posteriorly directed
process that runs sublaterally

Ring motor neuron/interneuron, has a posteriorly directed
process that runs sublaterally

Tail seam hypodermal cell, postembryonic blast cell, funetions
as phasmid socket in L1

Rectal cell, postembryonic blast cell in male

59,10
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URADL
URADR
URAVL
URAVR

URBL
URBR

URXL
URXR

URYDL
URYDR
URYVL
URYVR

ViL
VIR
V2L
V2R
V3L
V3R
V4L
V4R
V5L
V5R
V6L
V6R

XXXL
XXXR

Y

21
Z2
Z3
Z4

arc ant
arc post

ccAL
ccAR
ccPL
ccPR

elD
elVL
elVR
e2DL
e2DR
e2V
e3D
e3VL
e3VR

exc cell
exc duct

exc gl L
exc gl R

glAL
glAR
g1P
22L
g2R

AB plaaaaaaa
AB arpapaaaa
AB plpaaapaa
AB prpaaapaa

AB plaapaapa
AB praapaapa

AB plaaaaappp
AB arpapaappp

AB alapapapp
AB alapppapp
AB plpaaappp
AB prpaaappp

AB arppapaa
AB arppppaa
AB arppapap
AB arppppap
AB plappapa
AB prappapa
AB arppappa
AB arpppppa
AB plapapaap
AB prapapaap
AB arppappp
AB arpppppp

AB prapaapa

AB plaaapaa
AB arpappaa

AB prpppaaaa

MS pppaap
P, p
P, a
MS appaap

AB X3
AB X3

MS apapaaa
MS ppapaaa
MS apapaap
MS ppapaap

AB araaaapap
AB araaaaaaa
AB araaaaapa
AB alpaapaap
AB araaapaap
AB alpappapa
AB araapaaaa
AB alpaaaaaa
AB arapaaaaa

AB plpappaap
AB plpaaaapa

AB plpapapaa
AB prpapapaa

MS aapaapaa
MS papaapaa
MS aaaaapap
MS aapapaa
MS papapaa
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Ring motor neuron, nonciliated ending in head, associated
with OLQ in embryo

Neuron, presynaptic in ring, nonciliated ending in head,
associated with OLL in embryo

Ring interneuron, nonciliated ending in head, associated with
CEPD in embryo

Neuron, presynaptic in ring, nonciliated ending in head,
associated with OLQ in embryo

Seam hypodermal cell, postembryonic blast cell

Postembryonic neuroblast, analogous to Pn.a
Embryonic head hypodermal cell; no obvious function later

Rectal cell at hatching, becomes PDA in hermaphrodite,
postembryonic blast cell in male

Somatic gonad precursor cell
Germ line precursor cell
Germ line precursor cell
Somatic gonad precursor cell

Interface between pharynx and hypodermis, form anterior
part of buccal cavity

Embryonic coelomocytes

Pharyngeal epithelial cells

Large H-shaped excretory cell
Excretory duct

Excretory glands, fused, send processes to ring, open into
excretory duct

Pharyngeal gland cells
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hme

hypl
hyp2
hyp3
hyp4
hyp5
hyp6
hyp7
hyp7

hyp8/9
hyp8/9
hypl0

hypll
int

ml1DL
ml1DR
mlL
mlR
mlVL
mlVR
m2DL
m2DR
m2L
m2R
m2VL
m2VR
m3DL
m3DR
m3L
m3R
m3VL
m3VR
m4DL
m4DR
m4L
m4R
m4VL
m4VR
m5DL
m5DR
m5L
mb5R
mbVL
mbVR
m6D
m6VL
m6VR
m7D
m7VL
m7VR
m8

mclDL
mclDR
melV
mc2DL
mc2DR
me2V
me3DL
me3DR
me3V

mu anal

SULSTON ET AL. Cell Lineage of a Nematode Embryo

MS appaaa

AB X3
AB X2
AB X2
AB X3
AB X2
AB X6
AB Xl11
Cc Xi2

AB plpppapap
AB prpppapap

AB X2
C pappa
E X20

AB araapaaap
AB araappaap
AB araaaaaap
AB araaaaapp
AB alpaaaapa
AB arapaaapa
AB araapaapa
AB araappapa
AB alpaaapaa
AB arapaapaa
AB alpaaaaap
AB arapaaaap
MS aaapaaa
MS paaaapa
AB alpaapapp
AB arapaappa
AB alpappppp
AB arapapppp
MS aaaaapp
MS paaaapp
MS aaapaap
AB araaapapp
MS aapaaaa
MS papaaaa
MS aaaapap
MS paaappa
AB araapapap
AB araapppap
MS aapaaap
MS papaaap
MS paaappp
MS aapappa
MS papappa
MS aaaappp
MS aapaapp
MS papaapp
MS aaapapp

AB alpaapapa
AB araaapapa
AB alpappppa
AB araapaapp
AB araappapp
AB arapapppa
MS aaapapa

MS paapapa

AB alpappapp

AB plpppppap

Head mesodermal cell, function unknown

Cylindrical hypodermal syncytia

Tail ventral hypodermis

Tail dorsal hypodermis

Intestinal cells

Pharyngeal muscle cells

Pharyngeal marginal cells

Anal depressor muscie
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mu bod AB prpppppaa

mu bod C X32 R

mu bod D X20 Embryonic body wall muscles 9, 14
mu bod MS X28

mu int L AB plpppppaa Intestinal muscles, attach to intestine and body wall anterior 9
mu int R MS ppaapp to anus

mu sph AB prpppppap Sphincter muscle of intestino-rectal valve 9, 10
rect D AB plpappppp Rectal epithelial cells, adjacent to intestino-rectal valve, have 9
rect VL, AB plppppaap microvilli

rect VR AB prppppaap

spike/X AB plppppppa . . oo .

spike/X AB prppppppa Used during embryogenesis to make tail spike, then die

V}rL AB prpappppp Intestino-rectal valve

virR AB prpappppa

vpil MS paapapp

vpi2DL MS aapappp

vpi2DR MS papappp B .

vpizV MS aappaa Pharyngo-intestinal valve

vpi3D MS aaappp

vpi3V MS aappap
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